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PREFACE
NSWC/WOL TR 78-177

This final report describes all the research, development, design and fabri-

cation work done by the Naval Surface Weapons Center on the Federal Highway
Administration Program, "Development of the Self Powered Vehicle Detector," Intra-
Government Order No. 6-3-0180 from November 1976 to September 1978. Twenty Self
Powered Vehicle Detection (SPVD) Systems have been built, tested and delivered to
the Federal Highway Administration on 1 September 1978. The SPVD System appears

to meet or exceed all program design goals based on extensive simulated laboratory

and roadway tests. All required program documentation is provided herein.

AV K /%"‘e/

PAUL R. WESSEL
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INTRODUCTION

The purpose of the Self Powered Vehicle Detector (SPVD) is to reliably detect

B Tid o8 Seche 4 i

vehicles passing through a desired surveillance zone (traffic lane) in all environ-

ments associated with its fixed location beneath the roadway. The detected vehicle

magnetic sigrature information is then telemetered via an RF link to a roadside Q

VTR TIPS TR e PR R P T -

traffic instrumentation enclosure for the purpose of vehicle counting or traffic 4
control. Desirea SPVD sensor unit operational life is to be greater than one year §
utilizing its self-contained batteries.

The Naval Surface Weapons Center, White Oak Laboratcry, was introduced to the

e — e Ty T g

Federal Highway Administration's vehicle detection problem in August 1975 when ‘
personnel of both facilities met to discuss the Self Powered Vehicle Detector 3

PRI RN

F Concept (SPVD) and its initial hardware. During Phase I of FHWA orogram, done
‘ under outside contract as documented in Reference (1), three engineering prototypes

were developed which did not meet several of desired system concept design goals.

e

However, the Phase I effort demoistrated that if state-of-the-art improvements

could be made in the magnetic sensor and the RF telemetry link components, such a
system would be possible. In January 1976, a modest program was established at

NSWC/WOL to optimize the SPVDs' magnetic sensor. The program's scope had these

e e, T TTT N

objectives: (a) determine the suitability of the low power two-axis Brown

Magnetometer for the SPVD, (b) examination and optimization cf the existing sensor

e et et b e AMaL AT b e kbt e )L

described in Reference (1), and (c) briefly explore single and two-axis low-power

magnetic gradiometers. These objectives were directed at solving the stopped :

[;
:
3
e
;,

vehicle detection problem in all anticipated roadway environments. Efforts on this

1t e ol A ca MELS
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i
initial program (DOT #6-3-0063, January 1976 to June 1976) provided engineering 9

# data and the design approach for the sensor module.z‘3

In November 1976, a research and development program was established at

NSWC/WOL to complete the necessary component research on the magnetic sensor and

R

sensor electronics, battery evaluation and the design testing and fabrication of :
twenty SPVD magnetic sensor modules and housings. The program was subsequently l;
modified to include additional component research in a newly invented omnidirectional
microstrip antenna, RF oscillator and transmitter, telemetry link encoder and

decoder, and development problems and associated underestimates incurred during

it e a5 R T S

the fabrication of the twenty SPYD systems. ;

This final report covers all SPVD component research and development and is

; divided into seven major areas of investigation: (1) magnetometer development,

caididu

@ (2) sensor system electronics development, (3) telemetry link encoder/decoder

development, (4) telemetry link oscillator/transmitter development, (5) antenna

’ .
i development, (6) telewetry receiver and battery evaluations, and (7) mechanical !

component design and development.

In addition to the above documentation, detailed drawings, diagrams, test

procedures and engineering data are provided which should be adequate to reproduce

Eo the prototype SPVDs. A hard-wired version of the SPVD electronics has also been |

bl fabricated and is described. In the Discussion section, several system improvements

e n

and options are discussed which should be considered for the development or procure-

ment of next generation SPVD Systems.

Additional documentation generated by this program or related to it may be

T T s

found in References (4), (5), (6), (7), and (8).

b e st b+ psr 2w et

f
|

Key NSWC personnel actively associated with the SPVD program are: John F.

Scarzello, Principal Investigator/Research Engineer; Daniel S. Lenko, Principal !
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Electronics Engineer, Telemetry Link Components; Albert D. Krall, Research
Physicist, Antenna Research; Dr. Robert E. Brown, Research Physicist, Magnetometer
Development; Wayne R. Grine, Mechanical Design and Fabrication; Chester W. Purves,

Mechanicai Design and Fabrication; Albert M. Syeles, Antenna Design and Fabrication;
and George W. Usher, Jr., Electronics Design.
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I. SPVD SYSTEM DESCRIPTION

This section consists of two parts, a general system information summary and
operating instructions and then a brief system functional description.

General:

The Self Powered Vehicle Detector (SPVD) system is a motor vehicle detection
system that detects a vehicle's presence by measuring its magnetic field beneath
the roadway surface. A radio frequency (RF) telemetry transmitter conveys the
roadway implanted SPVD's vehicle presence and device status information to a road-
side control unit, which may be interfaced to other traffic control systems.
Figure 1 is a drawing of the SPVD system concept for a typical traffic controlled
intersection.

The SPVD system consists of two components, the SPVD (sensor unit) and the
SPVD Control Unit shown in Figure 2. The SPVD sensor unit is a 4 1/2" diameter,
15" long cylinder which is implanted in the center of a traffic lane by boring a
4 1/2" diameter hole (minimum) using a standard core sample drill, When a vehicle
passes directory over the implated SPVD sensor unit, it transmits a coded leading
and trailing edge pulse which is received and decoded by the SPVD control unit
located in a nearby (500 feet) existing weatherproof traffic instrumentation
enclosure. An external receiving antenna is required for the control unit and may
be mounted either on or near the traffic instrumentation enclosure and connected
to it by a coaxial cable. The SPVYD sensor unit is implanted approximately 1" below
the roadway surface and oriented with case arrows pointing in the direction of
traffic flow. The vehicle presence detection time of the SPVD sensor unit is set
internally to approximately 15 minutes. After this time the SPVD rezero's its sensor
digital nulling loops and again becomes active.

The SFYD control unit (Figure 2) contains a standby battery which can operate

the SPVD control unit with interface relays for 24 hours when fully charged. The
N
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SPVD sensor urit has approximately a twc-year operational 1ife before battery
replacement is required. Low SPVD sensor battery is indicated by a distinct coded
radio signal and will activate the undervoltage light and relay in the SPVD control
unit.

Detection of most types of motor vehicles passing over the SPVD sensor
with nearly zero miss and false alarm rates is anticipated except for motorcycles,
especially 350cc displacement and under.

A six pin interface connector is supplied and may be used to activate other
traffic control instrumentation. The relay contacts are normally open, i.e., for
no vehicle presence or normal voltage conditions. BNC connectov outputs are for

testing and high input impedance devices only.

SPVD system component specifications are tabulated in Table I.

The inspiration behind the SPVD development effort is two-fold; reducing the
high cost of installing or repairing hardwired automatic traffic control sensors in
modern highways and streets by usirg an easily implanted sensor; ard to improve
the SPYD design by developing improved components, specifically to increase vehicle
presence time and improve the telemetry link.

The SPYD system is functionally divided into two sections, the magnetic sensor
module and the telemetry link. The telemetry link consists of the SPVD sensor units'
transmitter/encoder module and omnidirectional microstrip antenna/housing, and the
control unit which includes the receiving antenna, receiver module, decoder and
interface electronics.

Figure 3 is a block diagram of the magnetic sensor module, A Tow power two-
axis magnetometer measures the vertical and horizontal (parallel o road direction)
components of the vehicle's magnetic field. The resulting magnetic field with

respect to vehicle position over the sensor, 1s processed by determining the
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§ , Table 1. SPVD System Specifications a

SPVD (Sensor Unit)
- ' DETECTION RANGE SPEED: 0 to 128 KM/HR (0 to 80 MPH) 35.6 M/SEC. (117 FT/SEC)
* DETECTION QUTPUT: Positive output vehicle presence
DETECTION RANGE: (Lateral from lane centerline)
Cars: +1.2M (24 FT)

TR

Trucks: +1.2M (24 FT)

mi i, oo MMt Lt o Mt 1 i

Buses: +1.2M (:4 FT) i
Motorcycles: +.6M (2 FT) y

A G LT R SO T P ey T T e e e

e irannk e

OPERATING TEMPERATURE: -34° to + 76°C(-30°F to +1700F) :
MAXIMUM VEHICLE COUNTS: 20,000/Day |
OPERATING LIFETIME: Greater than 1 Year (2 Years Estimated)
DIMENSION: 11.43cm (4%") DIA x 38.1cm(15") LONG (Sensor)

b ]

Bl

SPVD CONTROL UNIT

4
3
3

SIZE: 5" x 6" x 9"
| POMER REQUIREMENTS: 115 Volt 60Hz
' INTERFACE: MS-3116E-10-6P Six Pin Connector (Supplied); Vehicle Presence

e e i s ] i bt o i A e inin s al L e = e b

; ; Pins C and D Normally Open, i.e., No Vehicle Present; Undervoltage

Pins E and F, Normally Open Indicates Normal Condition.

s e A A b ™"

; ANTENNA:  Requires custom length of RG-58C/U cable connecting the supplied

Dot e i s s, Shnlad e e

quarter wave whip antenna and antenna input BNC. i
SR FUSE: 3A-250V Type FO Cartridge Fuse
Lo
{ STANDBY BATTERY: GEL CELL GC-1245-1, 12 Volt 4.5 A.hr. Operates unit for
i

- minimum of 24 hours when fully charged.

15
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vertical signal amplitude and deciding if it is sufficient to be a vehicle rather
than background noise.

The extremely low power required of the magnetometer transducer (120 u watts)

RSP SUPU DI SO PO TIRTT TIGe”

has forced some system tradeoffs which necessitate electronics stabilization
circuitry to increase magnetometer performance with respect to temperature and the
resulting DC offset drift. Two digital nulling loops are required to null out the
magnetometer offset with respect to time and temperature. There is much thermal

inertia in the sensor module after the unit is implanted which produces gradual

temperature changes despite the rate of ambient temperature change. The digital

nulling loop electronics facilitate performing certain logic functions, specifi-
- cally implementing the 15 minute vehicle presence and reset functions. The reset ;
t function occurs when a vehicle is stalled over the sensor for longer than 15 ;
minutes, i.e., becomes operational after that time. %
E The basic logic is very similar to that developed in the Phase I effort]. é
The only major change was to reduce the threshold sensitivity in order to detect

a variety of small vehicle types. Although several vehicle signature measurements

were made during prototype evaluation, comprehensive measurements are beyond the

TSI

program's scope and resources. A detailed explanation of sensor module functions

is found in the sensor module section.

The SPVD RF telemetry link block diagram is illustrated in Figure 4. The SPVD

sensor unit contains a transmitter/encoder module and omnidirectional microstrip

antenna/housing which transmits 100mw leading and trailing edge transmission 5
E ' signals when the sensor module detects a vehicle presence. Within 500 feet of i
g the roadway implanted SPVD sensor is a receiving antenna and control unit. The ]
| SPVD transmitted signal is received by a FM receiver and then signal conditioned

for the decoder electronics. The decoder electronics detects the encoded tone code,
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that is recognizes a combination of two tones, either a low and middle tone
(1eading edge), medium and high tones (trailing edge) or low and high tones
(trailing edge/undervoltage condition in the SPVD). The following logic activates
the interface circuitry to indicate the detected condition.

Tne entire SPVD sensor unit electronics consumes about 2 milliwatts continu-
ously at 6.75 volts and with the 26 ampere-hour battery, a two year operational
life is estimated based on detecting 20,000 vehicles per day. Even longer life
is possible with improved lithium batteries only now becoming available.

A11 SPVD system design goals appaar to be met, although survival in a variety
of roadway environments is the crucial measure of SPVD performance. NSWC has
operated a prototype unit for approximately one month in the "wat" roadway test
hole and continuously operated the system electrcnics for over one year.

The system described in this report has been documented in the disclosure of

Reference (8).
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OPERATING INSTRUCTIONS

1. Turn on the SPVD control unit, either AC power or battery (see Figure 2).

Check internal battery condition by pushing front panel switcn. If normal, the
meter needle will be in the center or to the right side of the scale (see Figure 2).
If to the left, charge the internal battery, i.e., plug into 115V 60 Hz AC and turn
both AC and control unit internal battery switches to on. Recheck after 24 hours.
2. Turn on the SPVD (see -Figure §). Remove the top cap with a 3" spanner
wrench. Plug the red and black wires into the appropriate teminals of the black

battery housing. Then put tape over the terminals to insulate them (supplied with

the SPVD). Reinsert the electronics/battery housing into the antenna/housing and
line up the arrows. Retighten the cap after cleaning the 0-ring sealing surface.
3. After the presence time (=15 minutes) check the system by moving a large
wrench or pliers over the SPVD sensor. If a vehicle presence is detected, shut
off the SPVD control unit and prepare to travel to implant site.
4. Items required for SPVD system installation:

a. SPVD and SPVD Control Unit

b. SPVD receiving antenna with appropriate length of RG-58 cable

c. Misc. brackets for mounting the control box

d. 4 1/2" dia. min. (6" max) core drill = 17" long

e. Output interface plug wired for appropriate instrumentation (see Figure 2
for pin out)
5. Drill core hole for the SPVD in the center of desired traffic lane. Use
4 1/2" dia. minimum size core drill bit (maximum size 6") approximately 17" deep.
(See Figure 6).

6. Insert SPVD with arrows in direction of traffic flow. (See Figure §).
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FIGURE 5. SPVD UNIT ELECTRONICS REMOVED FROM HOUSING.
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IMPLANT DIRECTIONS:
®DRILL CORE HOLE (4-1/2" DIA MIN)
IN PAVEMENT ~17" DEEP, IN THE

CENTER OF THE TRAFFIC LANE
®INSERT SPVD WITH ARROW IN
DIRECTION OF TRAFFIC FLOW
g (1" BELOW ROAD SURFACE)

; ®CHECK OPERATION AND COVER TRAFFIC FLOW

WITH HOT PATCH
onssmsiie-

| it )

/|
/

V777777777 NS

AN

TIT1
s
9" PAVEMENT

SPVD

—_——y e — —

15-1/2"

GRAVEL

- a2 -

NN NN
A

S S S eARTH

FIGURE 6. DRAWING OF SPVD ROADWAY IMPLANT

22




NSWC/WOL TR 78-177

Caathoia, i ..“.“.t-JAMK—J

After insertion, check with SPVD control unit having either a short (2' long)
wire antenna (Figure 7) or with the supplied receiving antenna. Move a magnet or

large wrench over it to check system operation. ]

7. Space SPVD so it is about 1" below the road surface and cover with hot patch.

8. Check unit operation with a vehicle.

9. To remove the SPVD from the roadway, remove the hot patch with a hand chisel.

——
L sl 1 liimthi? a1 s sl &

3 p—— T P8 P

Grab the nylon bolt and pull up with pliers. If the unit does not move, insert &
3" long 3/8"-16 steel bolt and pull straight up.
10. The undervoltage light on the SPVD control unit indicates the condition of

T T T g

the battery in the SPVD. Remove the SPVD only if it stays on after several vehicles

have passed.

] 11. Install the receiving antenna either on the traffic control box or on a

et it e ]

i closeby lamp post. The spring mount is not required for installation on a traffic

: control box. With a simple bracket it may be mounted on a pole and soldered to an

] appropriate length of RG-58 cable to the SPVD control unit antenna input BNC i

connector. (See Figure 1). Installation of the receiving antenna and location of

Ry S T A T

1 the SPVD will be quite important to system performance. Therefore it is suggested

that several antenna locations be tried for optimum location before fabricating

an antenna bracket.

i 12. To replace SPVD batteries, refer to the battery housing mechanical design section

§ of this report.

ot ittt B et

M e e,
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II. DEVELOPMENT OF THE SPVD MAGNETOMETER SENSOR

Selection of a magnetic sensor proceeded through three stages: (1) evaluation

% of the Honeywell sensor; (2) modification of a pulse-driven fluxgate sensor

1 previously used in Navy intrusion detectors; (3) development of a new pulse-driven

. 2w i i

] fluxgate sensor optimized for the specific noise-sensitivity-cost-power requirements

- of the SPVD. The first two stages in the selection process have been reported upon
] previouslyz;s.sriefly the Honeywell sensor was found to be deficient in stability

and the modified intrusion-detector sensor consumed too much power.

A properly designed ring-core fluxgate magnetometer has many advantages, ji

e o

including the power saving feature of measuring both the vertical and horizontal

vehicle signal with a single sensor. The main deficiency in our existing design C

was a power demand considerably hicher than desived. This power requirement is

E
v
i
3
f
P
i
'

; partially a design limitation and partially linked to the very low noise perfurmance

E
3
t

PP

of the sensor, which was necessary for its intrusion-detector applications. In the

il bt A 2B

SPVD the sensor noise may be an order of magnitude larger, and relaxation of
this specification allows a re-examination of the design criteria previously imposed

on our fiuxgate sensor development efforts.

Fluxgate magnetometers in general require that electrical current be supplied

reriodically to a winding to magnetically saturate one or more magnetic cores. The

IRPTSTE S WP NP SO DO

presence of an applied magnetic field such as earth's field or the field of a

magnetic body 1ike a motorized vehicle is detected by an extra signal produced on
core windings as the magnetic material of the core cycles in and out of saturation _
and exhibits non-linear magnetic permeability. A certain energy E must be supplied !
in each cycle to bring about saturation of the magnetic material. Material volume

and other material parameters as well as core geometry and drive circuit efficiency

25
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control the magnitude of this energy. Expenditure of energy E permits one sample
of the ambient magnetic field to be taken and a numerical value assigned to it
through a calibration procedure. This numerical value varies from cycle to cycle
because of fluctuations in the magnetic material parameters and in the circuitry
supplying the saturating drive current. If n samples per second are taken and
averaged, a more stable value for the field measurement is obtained in some
desired bandwidth. For a specified bandwidth and fieid measurement stability
(noise) some power nE must be continuously expended to operate the fluxgate magne-
tometer. For the value of nE to be a minimum it is important to select an
appropriate magnetic core and to optimize drive circuitry efficiency and stability.
It is also necessary for feasible design realization to provide means to control
selection of n and E independently.

We have found tnat a simple magnetically-coupled pulse generating circuit
(Figure 8) is a stable and efficient current source for driving fluxgate magnetome-
ters. For low-noise performance this has always been operated in the "flyback"
mode, i.e., the ON interval, during which the core saturates, is substantially
longer than the OFF interval. Experience has led us to select a specific moly-
permalloy tape wound bobbin core as the magnetic element of simple fluxgate
magnetometers. It appears to have material parameters and a geometry yielding a

useful range of sensitivity-noise-power consumption cembinations as other circuit

components are varied. The selection of this magnetic core and an efficient pulse
drive largely fixes E in the above analysis to a value of about one erg. Thus one
may anticipate that power reduction can best be realized by decreasing n. This

decrease in n is acceptable because of the higher noise specification of the SPVD

sensor.
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FIGURE 3. TYPICAL BLOCKING OSCILLATOR CIRCUIT. é
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For a given value of supply voltage V in Figure 8, the pulse repetition rate
of the flyback oscilliator, and thus n above, is largely determiined bty the inductance
L, of the winding Ny;- The initial attempt {stage 2) to produce a magnetometer
consuming very low power consisted of efforts to increase L]. Increasing L]
increases both the iength of the ON interval and the OFF interval -'.ile their ratio
retains a similar value. Unfortunately the number of turns required for N] becomes
quite large and forces inconvenient adjustments elsewhere in the magnetometer
circuitry. The increased winding resistance and capacitance begin to degrade
oscillator efficiency and stability. It was clear that another approach was
necessary to lower the repetition rate of the pulse oscillator.

Features of a driving oscillator that were deemed necessary for fluxgate
magnstometer cperation at very low power expenditure are (1) a repetition rate
controllabie independent of core winding inductances and (2) a current-ON interval
terminated only by core saturation. A desirable feature of the flyback oscillator
of Figure 1 is its automatic achievement of condition 2 since core sa*uration
generates the signal initiating turn-off. A potential candidate to replace it is
the form of blocking oscillator siown in Figure 9. A blocking oscillator offers
the possibility of controlling the length of the OFF intervai independently of the
magnetic core. But causing the ON interval termination to meet condition 2 requiras
a careful examination of the way the oscillator traverses its cyclea.

When current starts to flow through N] in the circuit of Figure 3, a signal
appears across N2 of proper polarity to cause base current to flow charging C and
driving the transistor into the saturation region. As the voltage across C
approaches the voltage developed across N2’ base current ceases and the transistor
turns off. It will turn on again after C discharges through the high resistance

R. Thus the leigth of the OFF interval is controllable by the RC time constant,
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and the ON interval length is determined by the duration of appreciable base current
flow through C. Core saturation may participate in pulse termination, but in gen-
eral it is achieved solely through the base-current "blocking" action of C. Calling
L, the inductance of the N, winding, the ch circuit is generally configured to have
a high Q in a blocking oscillator designed to produce fast rise-time pulses. Within
the constraints imposed by magnetometer design it was found that appreciably lower-
ing the Q of the ch circuit would lengthen the pulses until their termination could
be controlled by the effect of core saturation on the signal developed on Ny. This
was done by adding a resistor R' to the circuit (Figure 10). If !s is the collector
current required in N] to saturate the core, then core saturation is possible as
long as base current Ib > IS/B. Figure 11 shows the time behavior of Ib in the two
cases R' = 0 and R' # 0 to indicate how pulse length can be increased until the de-
clining time rate of change of magnetic flux d¢/dt in the core at saturation can
terminate it. For a particular minimum base current the achievable value of Is ic
dependent on tiransistor 8. Thus it is desirable to select R' to match each transistor
Because R' has limited control in lengthening the base current pulse, it is
necessary to keep L low to limit the time required for core saturation. Rererring
to Figure 10 the circuit values for the SPVD sensor drive circuit are: N] = 400
turns, N2 = 100 turns (#36 wire), R = 1 megohm, R' = 300 ohms (selected to set
average current at 30 microamps), C - .01 mfd, C' = 10 mfd, and V = 4 volts. Both
N1 and N2 windings are equally distributed around the bobbin core. The capacitor
C' keeps supply impedance low so that core saturation time is not lengthened by this
quantity. The duration of the driving pulse is about 4 microseconds and the repeti-
tion frequency about 800 Hz with these circuit values. Specific magnetometer drive

circuit waveforms are shown in Figures 12 and 13 for R' = 0 and R' =~ 300 ohms.
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—

ICRO-POWER PULSE CIRCUIT SUITABLE

FOR DRIVING FLUXGATE MAGNETOMETER.

L' "
. . I DECLINES AT THIS POINT
R'~0 R’#0 BECAUSE OF DECREASING
22 IN Ny AS CORE SATURATES.
/8 4+ 1,/8 ﬂ /\l
TIME TIME
FIGURE11. BASE CURRENT DURING ON INTERVAL

OF CIRCUIT OF FIGURE 10.
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As in prior designs, detection of the ambient magnetic field dependent signal
gi ‘ 1s done with additional windings on the core connected to a balanced pulse-average

difference detector. Figure 14 shows how the difference between the averaged sig-

PP TP IR DS < Rt - oy

nals from windings on opposite sides of the ring-core is measured. The diodes have
polarity to conduct during the drive current OFF period. The detection circuit is

operated, in effect, by the energy stored in the magnetic core during the ON inter-

W Sw—TTE

val, producing high output with no additional power supply.

As core magnetization collapses, equal signals are generated in N3 and N4. for

example, N3 and N4 being connected so that equal signals cancel in the detection

o ke R i el ot im L e S % 0.l St O oy o ]t AR e

circuit. If an external magnetic field is present parallel to the axes of N, and

N4, extra signals appear on these windings as the core permeability changes from

i £ e g TR T T

: near unity at saturation to a high value at remanence. These signals are added in

the detection circuit. The R C combinations provide running pulse averages over
E,‘ times depending on the bandwidth desired. For this particular application R = 100K
and C = 0.1 ufd for a 40 Hz bandwidth and output impedance of ~ 100K.
Another pair of windings, N5 and NG’ with axes perpendiuclar to the N3, N4 ;
axes yields measurement of ihe perpendicular magnetic field component at no addi- i
|

|
l
l tional expenditure of power. N3. N4, N5. and N6 are 200 turns of #36 wire distri-

buted on 90° segments of the bobbin core. The circuit produces 0.7 volts per oersted 3
E of applied field with noise in a 1 Hz bandwidth varying from 5 to 30 gammas over the
‘ range of applied fields of 1 oersted and at temperatures from -40°C to +70°C. The i
spectral amplitude of the noise is constant for frequencies below 40 Hz. Current
drain is 30 microamperes 7rom a 4 volt supply for the two axis magnetometer. Prior ‘
similar magnetometer designs have survived shock equivalent to unretarded air-drop. 3
The noise amplitude cannot be accounted for solely by the decrease in n. Evidehtly

the pulse circuit of Figure 10 is somewhat inferior in stability to the circuit of
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Figure 8. Several moly-permalloy tape-wound cores are suitable for the magneto-
meter. They are Infinetics, Inc. (Wilmington, Delaware), Part No. $625C31-HC-2074C, %
Arnold Engineering Company (Marengo, I11inois), Part Number 25538P-500-010 and !
Magnetics, Inc. (Butler, PA), Part Number 80656-1/2D-025-1. Each manufacturer's

core and batch may require a different range of values of R' to obtain the proper

magnetometer operating point. Changing other component values {is unlikely, but

may be necessary if other core types are used.

Figure 15 is a winding diagram for the complete core. Winding instructions

are listed below.

TR T R T ey

Magnetic Core Winding Instructions

e ot i b bt et Rt - Lk A s okl 4

1. Wrap cores with teflon tape (=4 mil thick) or mylar tape to insulate the

stainless steel bobbin from the windings.

i st s

2. Put the windings N], Nz, N3 . N4 . N5 and N6 in order, with Nl first,

W RTEE TR T AT T T e A

3. The winding sense must be maintained; that is, the core is not turned over ;
during winding or between windings.
4. Number 36 HF (Heavy Formvar) copper magnet wire is used on all windings.

5. Windings are layered on at about 400 turns per 360° layer. A winding or layer

requiring less density is distributed over the 360° winding space. i

6. Numbered tags mark the beginning and end of each winding, the lowest number

tag for start of winding N] to the highest number tag marking the end lead of wind- !

JEPRUURSE S, . .

ing N6'
7. There are six windings required: the first, Ny = 400 turns is distributed around !
the core 400 turns per layer for one layer. Leave a 5-inch length or wire on each |
end of the winding and on the starting wire put tag #1. At the end of this winding

twist the wires together opposite the mark on the core where the winding was started, !

: and mark with tag #2.
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N N, END
START @ 1

MARKING TAG

Hy Hx

Ny START 7 @

Ng START

MARK ON CORE
(PERMALLOY TAPE ENDS)

N, START

MARKING TAGS

n S
0 @ @ C9”\cmcurr BOARD HOLES

N, START

Ng START

N, = 400 TURNS #38HF
N, = 100 TURKRS 2asuE
Ng = Ny = Ny = Ng =

FIGURE 15. CORE WINDING INSTRUCTIONS. 200 TURNS #386HF
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8. The second winding N, = 100 turns is started 180° opposite the start of
winding N]. Mark the start lead (tag #3) and distribute the 100 turns evenly 360°
and twist the wires together at the end of this winding. Mark the lead starting
this winding with tag #3 and its end with tag #4

9. Ny 1s a 200-turn winding distributed evenly over one quarter (90°) of the core
on one quarter of the side between the termination of windings Ny and Ny. Again
mark the starting lead with a number tag (#5) and finish lead with tag #6.

10. N, is another 200-turn winding located on the other quarter of the core in

an opposite 90° segment. Again, mark the start with a number tag (#7) and dis-
tribute the wire on the 90° segment. Mark the end of this winding with tag #8.
Winding N3 and N¢ together define one axis.

1. N5 and N6 are wound as N3 and Ny on the two remaining 90° core segments. Tag
numbers, 9, 10, 11 and 12 mark the start and finish of winding Ng and N6 respec-
tively. Figure 16 is a schematic diagram of the optimized SPVD Brown Magnetometer
with a photograph of the sensor in Figure 17. Detailed circuit board layout is
discussed in the mechanical section. Figures 16 and 17 depict two potentiometers
(200K) used on the magnetometer's detection circuits. Since there will be varia-
tions in core winding and circuit component values, the DC offset with field can be
modestly adjusted in this way without severely affecting sensor performance. The
dynamic range of a typical magnetometer is shown in Figure 18. Other sensor
specifications are tabulated in Table II. Reference 7 also describes the SFVD low
power Brown magnetometer discussed herein.

To evaluate sensor performance a simple test set up is drawn in Figure 19.

The magnetic shield contains internal Helmholtz coils that are used to apply a cali-

brated magnetic signal with a current source. The shield and coils must be large
enough to surround a glass dewar which houses the magnetometer if temperature

tests are desired. Hot air and cold nitrogen gas (from boiling liquid Nz) can be
37
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Table [I. Low-Power Two-Axis Brown Magnetometer Specifications.

Sensitivity: =~ 7 microvolts/Nanotesla* (.7 volts/Oersted)
Noise: =5 to 30 aT p-p (1 Hz Bandwidth), 30 to 200 nTp-p (DC + 40 Hz)*

Cynamic Range: =+ 1 x 1074

tesla (+ 1 Oersted)*
Linearity: = 10% (+ 1 x 1074 tesla)*

Power Consumption: 120 microwatts @ 4 volts

Operating Temperature: -40°C to +70°C (-40°F + +158¢<F)
Size: 4.76 cm x 2.54 cm x 1.27 em (1 7/8" x 1* x 1/2%)

Weight: 15 grams (.53 oz)

*Same for both x and y axes.
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used to heat and cool the sensor under test while monitoring the temperature using
a thermocouple. The magnetometer output is amplified by an instrumentation ampli-
fier (PAR-113) and connected to a strip chart recorder (Sanborn 320). Sensor off-
sets are biased out at the input with an isolated and stable battery power supply.
Dynamic range can be obtained by attaching an x-y recorder to the sensor output

varying the current supplied to a calibrated Helmholtz coil as shown.
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IIT. SENSOR SYSTEM AND ELECTRONICS DEVELOPMENT

1
]
The SPVD sensor system module contains a two axis Brown magnetometer trans- {

ducer and signal processing electronics necessary to meet the following technical o
requirements derived from the overall system specifications in Table I. They are: i
l + System Frequency Response: 0 + 40 Hz (0 + 80 mph)
; , » System threshold for the magnetometer lucated 3" to 5" below the road
i surface: == 5500 nT vertical field to produce a vehicle presence; below 3000 nT
no vehicle presence; produces a positive output for a vehicle presence.

» Vehicle presence hold time: Internally set to =15 minutes

+ Ambient field operating range: ilx]O'4 Tesla (+1 oersted) - F

» Sensor Module Power Consumption: <2mw @ 6.75v

TP e 1 e U PG

+ Operating Temperature: -40°C to +76°C (-40°F to +170°F)
Must have EMI/RFI Immunity

-

The logic and magnetic detection criteria developed in the Phase [ program] was

itim s i b

used with some modifications in the present SPVYD. Shown in Figure 6 is a block

o i e T
g T T

diagram of the sensor system and illustrates the following sensor module functions:

e el R i 1101

f (a) amplifies the magnetometer transducer output signal, (b) automatically nuils

out the DC offset changes in the magnetometer caused by time and temperature with

- a digital nulling loop (DNL), (c) performs vehicle presence logic functions by

JIS—

controlling and timing the DNL, (d) senses the amplitude of the vertical magnetic
signa) and detects two thresholds (hysteresis threshold detector), one for the

peak vertical field amplitude and then a minimum vehicle presence sustaining

which discriminates against sudden short EMI/RFI bursts which could increase the

threshold from either the horizontal or vertical axis, and (e) incorporates logic ‘ !

1 i
i

vehicle detector's false alarm rate.
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3 In Figure 90 (Section X) is a schematic diagram of the SPVD sensor module.
Refer to it for the following detailed functional circuit description.

The Brown magnetometer has two 200K ohm potentiometers for DC offset adjust-

W

ment. After the magnetometer is turned on for about five minutes, it is put into

a magnetic shield with zero magnetic field and its outputs (both x and y) are set

as close to zero volts by adjusting the potentiometer and measuring the magnetometer
1 output with a digital voitmeter. The magnetometer is then connected to an input
filter consisting of two 20 KQ resistors (either metal film or high quality carbon)

and a parallel .03 ufd capacitor. This filter network removes much of the magne-

E tometers drive signal. The signal is then amplified by an 8021C operational

e

amplifier to the desired threshold level. The Intersil 8021C's were used in the
Phase I effort and although several low power operational amplifier types are
adequate (i.e., 1A 776, UC 4250, etc.) the 8021C's gained our confidence after

1 aacensive temperature tests. They are used throughout the SPVD. Also the commercial

% grade (i.e., 8021C) performed well over the military temperature range in all i

tested units and are not as expensive. i

Since the magnetometer output voltage is linearity related to the measured é

T TT———————
A STy I

t ' ambient magnetic field, in mcst cases there will be a DC offset in both horizontal 1
snu vert:.- . axes corresponding to the ambient earth's magnetic field. The long 3
; % vehicle presence time, >15 minutes (900 sec) requires that the magnetometer

| system be Df coupled so that the vehicle's magnetic signature would not be changed
by the - .,or/amplifier coupling over the 15 minute period. An early attempt
was made to develop an analog nuliing loop (ANL) with a storage capacitor, but

because of the "low" impedance (70 mQ) of low power op amps about 5 - 10 minutes

e e s e e e

was the longest obtainable period. Temperature variations also affected ANL system ]
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performance. If power consumption of extremely high input impedance amplifier
decreases to the microwatt level and capacitor leakage improved in next generation
capacitors, it may be possible to use an ANL. For presence times less than 2
minutes, the ANL is adequate and consumes less power, is Tower in cost, contains
fewer parts and could be used as a speed sensor. The Digital Nulling Loop (DNL)

is significantly more complex. Basically it is a digital tc analog converter
which senses the magnetometer signal amplifier ocutput and if outside specific
limits, develops an appropriate reverse polarity nulling voltage which is connected
to the magnetometer signal amplifier's non-inverting input.

If the amplified signal voltage is positive, the Comparator (8021C #V of
Figure 90) switches the 12 bit counter consisting of three CD 4029 BE 4 bit
up/down binary counters to count down or provide a positive nulling voltage. A
low frequency system clock (CD 4093) provides a sharp clock pulse of short duration
approximately every 1.7 seconds to the three up/down counters. This short acuration
system clock pulse is required in order to eliminate any residual offset buildup
which could occur for a constant stream of vehicles passing over the sensor.

The outputs of the up/down counters are then connected to a 12 bit R-2R
resistive ladder network (R = 50K) which produces the analog output veitage which
is scaled and connected to the magnetometer signal amplifier (OPAMP #VII).

For any change in DC signal level, the nulling loop will attempt to compensate
for it, until threshold is reached, at which time the system clock is inhibited
to the up/down counters. Instead it goes to the CD 4040 12 stage binary counter
which counts the number of system clock pulses until the preset vehicle presence
time is reached (pin 14 = 15 min., pin 4 = 1.75 min. test position). After the
15 minutes, the CD 4040 activates several CD 4066 CMOS switches which speed up
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& the system clock (CD 4093) for a fast DN\ rezero, and the system becomes active
1 ; again. If the vehicle leaves prior to the 15 minutes, the DNL clock pulses are

restored to the up-down counters and it resumes its slow nulling of any ambient

magnetic field or sensor changes with time and temperature.

Two digital nulling loops are required, one for the vertical axis and one

i
Dl eSS e A N o R e e MJ

for the horizontal axis. Each output is then rectified to obtain an absolute
value of signal amplitude (OP AMPS I & II) and then connected via diodes to the

hysteresis threshold detector. The threshold detector tlen activates an anti-

chatter circuit which discriminates between real vehicle detection signals and §3

short-high amplitude pulses associated with RFI/EMI. One antichatter circuit

ST T ST TR SRy PO e T TRy W AT R TR e - e

output controls the reset function for the CD 4040 vehicle presence timer while

s s s skt it L e

the other output is the vehicle presence signal which also opens the horizontal

signal gate so that either a vertical or horizontal signal in excess of 3000 nT

A Bl S A L B H

will result in a vehicle presence signal.

An 8 bit DNL was designed, fabricated and analyzed in the initial NSWC

b AR ol ol e ek i

task described in Reference 2. The DNL was expanded to 12 bits thereby providing

a larger dynamic range, i.e., *2 oersteds for each step corresponding to ss100y. !

The remaining signal processing logic consisting c¥ a signal full wave rectifier, %
threshold detector with hysterasis, and the antichatter circuits which are fully : j

descrited in Reference 1 and only modified slichtly in the present SPVDs.

Several prototype sensor modules were temperature cycled numerous times. "
For the first prototype sensor module, temperature data is tabulated in Table III. V
As is clearly shown, the threshold level is quite temperature dependent varying %

by as much as 40% from one extreme to the other. Some effort was made to compensate

romTRTR R TATmm T TsaS oo rrr TR RS T TR T T AU

for this threshold change, mainly by diode selection and compensation circuits. ]
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i TABLE 111 1
2 SENSOR MODULE THRESHOLD VARIATION WITH TEMPERATURE ;
- 1
‘ ACTIVATION THRESHOLD 5
‘ TEMPERATURE (gamma_= nanotesla) SUSTAINING THRESHOLD @
1 +25°C 4400 2400 3
+50°C 4000 2000 i
3 +76°C 4000 2000 *i
+25°C 4400 2400 |
é +0 4900 2900 3
E -20°C 5800 3800 ¥
-30°C 6100 4100 H
t -40°C 6400 4400 .
t +25°C 4400 2400 ¥
|
g

' i
P .
a |
i
©
: ;
; Y
E :
[ p
i
3
E
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After examining the magnetic signatures obtained in Reference 9 it was felt that
such variations could be tolerated on the great majority of vehicles if the room
temperature threshold value was lowered to a range of 5000 to 6000 gamma rather
than the 7000 gamma used in Phase I as vertical field activation threshold level.
At temperatures below -10°C, there will probably be a higher detection miss rate
for small vehicles (volkswagon).

The sensor module is isolated from its battery power supply by a diode with
an R-C filter to help eliminate any surges and drops in system voltage resulting
from transmitter activarion. This RC/diode filter network prevents free running
with extremely low battery voltage and resuits in transient immunity. An efficient

self-starting Tow power regulator has been developedlo which supplies both 4 volts

as a reference voltage and the magnetometer power supply, and 3 volts for the analog

electronics system ground. This low power regulator designed and optimized by

0
George W. Usher, Jr.,

consumes less than 60uw of power under no-lcad conditions
and has a typical 9&% effi;iengy for load currents in excess of 100ua. Chief
voltage regulator asset§ include voltage changes less than 2X over the SPVD
temperature range, no component selection is required, self-starting, simplicity
and Tow cost. An undervoltage sensor which uses the 4 volt reference provides an
output to the transmitter encoder module when the system voltage is 20% less than
normal.

The complete sensoy module “is housed in an aluminum container with EMI filters
on the +6.75v, vehicle pfésenue and undervoltage outputs. The large aluminum
plate and jsolated Egrcuit board mounting nrovides some thermal inertia for the
magnetometer thereby eliminating rapid changes in sensor characteristics due to

temperature variations.
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Magnetics Surveillance Considerations

Characterizing the close-in field from an irregularly shaped ferromagnetic

motor vehicle is quite difficult to model. For this reason, magnetic fieldz'g

2

and gradient™ measurements were made on varfous motor vehicles in order to develop

im0 e bt bt ol Al S | bttt s 1 e it |

detection logic. A vehicle may be considered as a magnetic dipole in its far field

- (is greater than a car length away) and typical magnetic moment strengths for an

ks, Sl fambian . 2

] American-made car and bus are 2 x 10° cgs (gauss-cm3) and 2 x 10° cgs respectively.

However, fields measured near a vehicle require amodel to consider higher order

moments which more accurately represent the magnetic state of the vehicle. Basic-

8 s o bl Sl

ally, it is necessary to determine (a) the minimum detectable magnetic signal from ;;
a valid vechicle, and (b) the maximum adjacent lane vehicle magnetic field produced
é at the SPVD location. For the most part, this information has been determined ex-
i perimentally by Reference 9. From that data, vehicle fields from several hundred
i gammas to 80000y (.8 oersted) require the magnetic surveillance system to have a i
very large dynamic range, i.e., = 12 oersteds.

The ambient magnetic field in the U.S. varies from .55 Oe tc .40 Oe Vertical 2

E field intensity and .14 to .26 Qe horizontal field intensity. However, in the

roadway environment, steel reinforcing rods may also add an additional field which

may enhance or attenuate the ambient magnetic field.

E } In order to test the sensor module for a variety of magnetic field and tempera-

bkt ol Mo wAmbie o i

ture conditions, a test setup shown in Figure 19b is used. It consists of a two-
axis helmholtz coil which may be positioned inside a mumetal magnetic shield, and a
sensor module readout device, in this case a chart recorder. Each axis of the two-
axis helmoholtz coils contains two windings, one to produce a bias field to simulate d%

the ambient earth's magnetic field while the other winding when powered by a signal
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generator produces the required vehicles magnetic signature. The sensor module
checkout procedure requires (a) the SPVD activate for a 6000 gamma peak vertical
signal in an ambient field of *.5 Oersted, (L) determination that the horizontal
threshold and gate are operable, (c) determination of the minimum threshold, and
(d) determination of rise and fall times of the system for a vehicie presence.

If a line of vehicles is traveling at 60 mph (88'/sec) and are separated by
one car length (17'), then a single cycle field of 2.58 hz can be used to simulate
this situation if the sum of the system rise time and fall time is < .386 seconds.
To check the sensor modules rise and fall times, a square wave of 10000 gamma is
applied to the vertical axis and typically T = 10 msec and Tfal] = 3 50 msec

rise
result.

After the rise and fall times are measured, a low frequency (.1 Hz) single
cycle 10,000 gamma peak 1/2 of a sine wave magnetic field is applied to the verti-
cal axis. The vehicle presence output and signal generator current (magnetic field
intensity) are simultaneously monitored on a strip chart recorder and the activa-
tion and sustaining thresholds can then be determined by compensating for the
system rise and fall times.

Since the vertical magnetic field in CONUS may be quite high in some locations,
magnetometers' vertical axis was offset somewhat to expand this axes dynamic range.

Detailed sensor module data may be found in Table XVI Section X.
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IV.  TELEMETRY LINK ENCCDER AND DECODER DEVELOPMENT

SPYD Encoder

The SPVD sensor module generates three information items for use by the

; roadside control unit. These are: (1) the leading edge occurrence of the Vehicle

JURS

1 Presence signal (V.P.) indicating the arrival of a vehicle, (2) each trailing edge
| transition of the V.P. signal (vehicle departing), and (3) the existence of an
Under Voltage SPVYD battery condition. Each of the items above are conveyed by the
generation of two simultaneous tones which are added together for transmission

: lasting 30 ms. This short ucansmission time prolongs the operational lifetime of

sl _otan 1 ket b okl o sl it s b ot

E the unit to over a year. Below is table IVportraying the 3 combinations of the

3 tones taken two at a time and the information encoded on each combination.

et i i 1o

TABLE 1V. SPYD ENCODER TONES

e

Tone Combination Information
3000 Hz, 4100 Hz V.P. Leading Edge (LE) a
4100 Hz, 5500 Hz V.P. Trailing Edge (TE) |
f 3000 Hz, 5500 Hz V.P. Trailing Edge/Under Yol tage ’
The SPVD encoder optimization began with a review of the existing Honeywe!ll 3

- Phase 1| SPVD] design for possible component reduction. The realization incorporates

SSI CMOS devices for both control and tone generation in the encoder (possibly be-
cause the more complex MSI CMOS chips were not available at that time). By using the
CMOS 4047BE gated-astable multivibrators, an increase in tone frequency stability and
x reliability, in addition to a reduction package count, is realized. The Phase |
sensor module generated a Ims pulse both for the leading edge (L.£.) of the V.P.

signal and the V.P. trailing edge (7.7.); however, in the revised encoder, only the

53
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V.P. output from the antichatter circuit and the U.V. signal are needed to é

adequately direct the encoder.

Lol L Lo 7

Two encoder designs were formulated, each using three 4047 packages to
generate the 3 tones. Reiterating, these units have excelient frequency stability
versus temperature and battery voitage variations while dissipating less power than :

discrete CMOS oscillators. The tones generated are actually square waves which are

added and attenuated with an 8C21 CP~-AMP. The two encoder designs differed in the

DI ST

gating and control logic. The first approach incorporated a dual monostable multi-
vibrator to produce a 30ms pulse {transmission duration) with each transition of i
4 the V.P. signal. The second encoder design, shown in block diagram form in Figure 20, 7
which was selected for the SPVD producticon, derives the 30ms pulse by means of a

2 stage binary counter. The clock input of the counter is fed by the oscillator

output (pin 13, IC 4047BE) of the 4100 Hz tone generator. Pin 13 outputs a pulse

train which is twice the frequency of the 4047BE Q outputs. Thus by counting 256

cycles of an 8200 Hz signal, a 3Ims duration is defined.

R SR PR . S

This implementation requires the 4100 Hz multivibrator be activated during

every transition of the V.P. signal; however, Table IV indicates that no 4100 Hz

tone should exist when the SPVD unit is transmitting T.E./U.V.. Fortunately,

b e ke U m ke i

3
E } the 4047BE has an oscillator output and Q/Q outputs which are derived by dividing
| the oscillator signal by two. The Astable/Astab]e gate inputs control the oscillator

operation; also, the Reset input clears the Q/Q outputs but allows the oscillator
to function under the direction of the Astab]e/Astab]e inputs. Therefore, the Q .

output provides the 4100 Hz tone that is summed, along with the two other tones,

.
bl b et N 4 s Sl

by the 8021 OP-AMP.
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A typical sequence of circuit operatior is now presented assuming a vehicle
is about to be detected. The V.P. line goes high which causes the dual edge
detector (1/4 of 4070) to emit a 10 us pulse which clears the 4040 counter. Qg
output is now low gating on the 4100 Hz tone multivibrator. The oscillator pulses
(8200 Hz) increment the 4040 counter until state 256]0 (31 ms) is reached; at this
point, Q9 goes high which inhibits the Middle Tone oscillator. The circuit is now
again in an inactive state. As the vehicle departs, the V.P. signal goes low
causing the dual edge detector to output a pulse resulting in action identical to
that described above.

The logic that determines which tone generators are enabled during each 31 ms
transmission is realized with a 74C157 CMOS I.C. The 74C157 is a Quad 2 to 1
Multiplexer with strobe and is used here as an 8x3 ROM. The 3 "address" inputs
to this ROM-1ike configuration are Qg (37 ms), V.P., and the U.V. signals. Below

in Table v is depicted the niemory listing for this equivalent ROM.

TABLE V. 74C157 8x3 MEMORY LOGIC LISTING

e

Address Data

—— 5500Hz 4100Hz 3000Hz

gb (31 ms) V.P. U.v Tone Tone {Reset) Tone
TE ] 0 0 1 0 0
TE/UV 0 0 1 1 1 1
LE 0 ] 0 0 0 1
LE/UY 0 1 1 0 0 1
1 0 0 0 0 0
No 1 0 1 0 0 0
Trang- 1 i 0 0 0 0
mission 1 1 ] 0 0 0
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It should be noted that the 4100 Hz tone generator is controlled by both the Qg
output of the 4040 counter and output D3 of the 74C157. The oscillator portion
is functioning as long as Qq is Tow while a 4100 Hz tone is outputed during
Qg (V.P. + U.V.).

As stated before, the Q outputs of the three 4047BE tone oscillators are
summed and attenuated by an inverting OP-AMP configuration. The current-setting
resistor is set at 2.2 mQ to lessen the slew rate of the amplifier providing
some reduction in the higher harmonics of the summned tones which are square waves.
It was first envisioned that the OP-AMP output would be AC coupled to the modulator
section of the SFVD FM transmitter. However, it was decided to DC-couple the two
together so the OP-AMP not only provides the necessary tone modulation but also
supplies the bias for the varactor diode in an effort to reduce start-up transients.

Looking ahead for a moment, it was determined that a good value for the varac-
tor diode bias was 4.2 volts on which a 1.2v p-p baseband signal was added to give
the desired +5 KHz deviation at each channel frequency. The gain (attenuation) of
the stage is calculated by finding the input conditions which give the maximum and
minimum values on the OP-AMP output. Shown below (Figure?2l) is a partial schematic
of this circuit using 100KQ resistors on each input tone signal.

During normal operation assuming transmission is taking place, one tone will
be inhibited (0 v) while the other two oscillate between +6.7 v and ground.
Therefore, the input conditions which cause the maximum and minimum output values

are both remaining tones "low" or both tones "high," respectively. The output

equation is

vout
V]/100K + VZ/IOOK + V3/100K = - —
R
R
F
av —_— = A
in 100K out

e -

e I -

B A

_d
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Vy O AM— v, 0~

FIGURE 21. TONE MIXING AMPLIFIER.

FIGURE 22. BIAS CIRCUIT OF TONE MIXING AMPLIFIER.
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Given: Avout = ¢ 6v

AV n " +6.7v

i
.6v

6.7

x 100K

RF =
RF s 9KQ

Now that the feedback resistor is defined Vx must be found so that a no-modulation

bias of 4.2v exists.
Going back to the partial schematic of the OP-AMP stage (Figure 21) when two
inputs are low and one is high, the unmodulated bias point is obtained. Using

Kirchoff's Current Law, the current equation at the inverting input terminal is:

6.7-Vx+0-Vx+0-Vx .

100K 100K 100K %K

4.2v - ¥
x = o

Solving for Vx:

Vxﬁ 3.78v

Now assuming a voltage divider configuration on the noninverting terminal

as shown below (Figure2l), the unknown resistance R] is calculated.

6.7 (51K)

= Vx = 3.78v

R] = 39K
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The transmitter alignment began by first setting the tone oscillators to the

ihc o a b

desired frequencies. A series combination of two fixed film resistors and 5KQ

potentiometer was used to fine tune the 3 frequencies. After the oscillator/

transmitter were coarsely tuned the frequency deviation had to be adjusted to

.

+5KHz. This was accomplished by varying the gain of the OP-AMP slightly and

also realigning the tuning coil of the oscillator. It is suggested that a 7KQ
fixed film resistor be connected in series with a 5KQ potentiometer to provide
an easily adjustable RF. Table VI presents typical data taken of the 4047BE Multi-
vibrators as the ambient temperature was varied from +70°C to -40°C.

TABLE VI. 4047 Oscillator Temperature Stability Data

Temp °C High Tone __Mid-Tone Low Tone
25 5535 4124 3015
70 5506 4092 3023
; 25 5539 9127 3044
i -40 5575 4167 3063
25 5540 4128 3043

The data in Table VI indicates that the worst case temperature drift was
about +.95%. From the RCA CMOS data book we can expect a 1.5% drop in tone

frequency due to a battery voltage decrease from 6.7v (new) to 5v. The above
figures indicate that the 4047BE are quite stable in frequency leading to a better

T

system reliability.
Figure 23 is a complete encoder schematic diagram. Note that this encoder has
the capability of controlling two transmitters for 15ms transmissions and was originally

designed for an SPVD having two transmitters each powering two orthogonal loop

antennas. For the present single transmitter with the Omnidirectional Microstrip

i
3
j
]
|
i

Antenna, this is not used.
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Tone Recognition and Decoding Logic

Once the encoded tone information transmitted from the SPVD unit is
demodulated by the roadside receiver, it is fed to an intervace becard. The
purpose of this circuitry is to bandpass the receiver output for a reduction of
out-of-band noise. More specifically, the Interface circuit consists of a 1 pole
Low Pass filter (break frequency is 8.8 KHz) followed by a 2 pole high pass filter
(break frequency is 2.7 KHz). Finally the signal is amplified in a variable gain
OP-AMP stage. Because the Radio Shack receiver (see receiver section) does not
provide a flat frequency response in the vicinity of the SPVD tones favoring the
lowest tone, the interface circuit compensates partially for this by attenuating
lowest tone relative to the others. The filtered tone information is adjusted to an
amplitude of 2vp-p before entering the tone decoding section.

A functional description of the Tone Recognition and Decoding Logic is now
presented and the corresponding block diagram is shown in Figure 24.

The filtered/amplified receiver audio signal is directed to three XR567
Phase-Locked-Loop Tone decoders. Each is set up to recognize one of the three
tones generated by the SPVD Encoder unit; the PLL output goes low whenever the
incoming signal contains sufficient spectral energy that is within the detection
band of the tone decoder. The output of the PLL's are each sent to a minimum
pulse width discriminator which provides additional noise immunity. Being an
"active low" signal, the tone decoder output must remain logical zero for a
minimum preset time duration before a valid tone reception is indicated. Due to
the nature of the pulse width discriminator output, a latch is needed to store a
valid tone reception until the PLL loses lock on the tone.

The three latches control the decoding logic which is responsible for
determining what information was transmitted by the SPVD unit encoded on the
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combination of valid tone receptions. The three outputs of the Decoding Logic

are Vehicle Presence Leading Edge, Vehicle Presence Trailing Edge and Trailing
Edge/Under Voltage. These three data lines in turn, control the V.P. Flip-Flop(F-F)
and the SPVD Under Voltage F-F. Finally the two F-F outputs drive the associated
indicators and relays via transistor buffers.

Having presented a general operational description of the Tone Recognition
and Decoding Logic section, more specific design details are spelled out below.
The reader may wisn to refer to the schematic diagram of this circuitry in
Figure 25. The XR 567 Tone decoders are configured with the following objectives
in mind: (1) the transmitted tones exist only 31ms and therefore lock time must
be minimized and (2) since the ambient temperature will vary widely, a shift in
PLL center frequency and SPVD Tone frequency must be tolerated. Consequently,
these PLL Tone decoders are set to have the largest detection bandwidth possible
(14%) implying a higher loop natural frequency. To minimize responses due to
transient signals, the quadrature phase detector filter capacitor is larger in
value than usual. The low pass filter capacitor was given the value according

to the relationship C = l%g-uF to minimize lock time. It was found that the

Detection Bandwidth Skew worsened by d.c. coupling the 3 PLL inputs together which
expiains the usage of capacicors on the inputs of the tone decoders.

The XR 567 PLL Tone Decoder is designed to operate over the military
temperature range; various temperature cycling tests were conducted to determine
how the center frequency stability, sensitivity, and detection bandwidth were
affected by temperature changes. Sensitivity to input signal amplitude, and
detection bandwidth varied slightly. Best frequency stability was obtained by
using 200v mylar capacitors in the timing circuit of the current controiled

oscillator. Table VII presents temperature data of three tone decoders, one
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corresponding to each of the SPVD tones.

TABLE VII. SPVD DECODER PLL OSCILLATOR TEMPERATURE STABILITY
(With 200v Mylar Capacitors)

Temp. (C° High Tone (Hz) Middle Tone (Hz) Low Tone (Hz)
26 5529 4144 3032
70 5511 4139 3028
26 5520 141 3022

-40 5531 4158 3028
26 5522 4141 3023
26 5525 4142 3030
70 5513 4137 3031
26 5520 4138 3028
-40 3631 4161 3034
26 5521 4142 3028

The data above indicate these tone decoders have good temperature stability;
in fact, they drift in the same direction as the tone generators in the SPVD
unit but to a lesser amount for an equal temperature variation. To further
improve frequency stability, the power supply which feeds the tone decoders is
well regulated and bypassed minimizing supply voltage variations due to load and
temperature fluctuations.

Two realizations of the minimum pulse width discrimirator were devised. The

first is shown schematically in Figure25 and uses a monostable multivibrator to

generate the minimum time reference (~ 1Ows). As can be seen, actually two one-

shot's are needed inaddition to a Tatch (D-FF); the 10ms monostable multi vibrator must
provide an output pulse of fairly good period stability over the operating
temperature extremes.

Approach II which was selected for SPVD usage, consists basically of a 7
stage binary counter whose clock input is fed by the PLL Current Controlled

Oscillator (CCO) signal (pin 5). The counter reset input is controlled by the
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PLL active low output. As the Tone decoder lock time is specified in temms of

cycles instead of time, it is actually a function of Tone decoder frequency.

L T T T a;

Thus utiiization of a binary counter to count CCO cycles is a more realistic and

also economical means of determining whether the PLL has been locked on a signal

W PR Y

for a minimum time duration. The schematic diagram in Figure 25illustrates this
type of pulse width discriminator. Whenever the Tone decoder locks onto an input
signal, its output goes low removing the reset condition on the counter. At the

occurrence of each falling edge of the CCO output, the counter increments by one.

| Should 32]0 cycles be counted a valid tone reception is assumed to have occurred

? and this event is stored by an R/S Latch (1/4 of 4043). The latch is necessary

% because the 06 counter output will go low if more than 63]0 cycles are present
during a continuously locked PLL condition. It should be pointed out that the
lock time varies randomly according to the initial phase difference of the
incoming tone and the internally generated CCO signal. We cannot expect that with
the reception of two simultaneous tones, each corresponding tone decoder to lock
after the same number CCO cycles or remain locked for an identical length of time.

Once the R/S Latch is set by the counter reaching a state of 32]0, the Latch

output remains high until the PLL loses lock and its output goes high. This
logical 1 clears the latch and also the counter removing the valid tone reception
signal from the decoding logic. In summary, the use of a binary counter/latch
combination for the pulse width discriminator eliminates the need of 3 critical
timing circuits and effects a reduction in package count.

The valid tone reception latches feed into the decoding logic which determines

what information if any is being received from the SPVD unit in the roadway. This

TR R TETTRAETrTT R e oTE s v r s rE e e

logic simply consists of 3 2-input AND gates (1/4 of 4081); the three outputs
indicate the transmission of the V.P. Leading Edge, V.P. Trailing Edge, and
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V.P. Trailing Edge/Under Voltage. Table Vlllpresents a truth table, listing all the

possible valid tone combinations and the resulting states of the Vehiiie Presence
F-F and the Under Voltage F-F.

TABLE YIII. DECODER LOGIC FUNCTIONS

Valid Tone Reception Resu’ting States
Intended
Informstion Vehicle Presencz Under Voltage
5500 Hz 4100 Nz 3000 Hz Transmitted F-F F-F
0 0 0 None Mo change No change
0 0 L None No change No change
0 1 0 None No change Mo change
0 i 1 LE Set F-F NO change
1 0 ¢ None No chaage No change
1 0 1 TE/UY Resets F-F Sets F-F
1 1 0 TE Resets F-f Resets F-F
1 1 1 None . .

*Note: The SPVD unit will not transmit three tones simultaneously (barring of
course component failure) so in that respect, this would be a “don't care®
condition. It is possible, however, due to RFI, all three valid tone signals
could be active similtaneously. If that event occurs, the V.P. F-F is cleared
and the U.V. F~-F is set and the final state of the F-F's is deterainad by
whichever tone is removed first. The two remaining tones would dictate the
states as described in the above Table VIII entries.

The V.P. F-F output drives two transistor inverting buffers which energize
the V.P. indicator and the V.P. relay. Also V.P. BNC connector on the control
box provides a CMOS compatible signal for additional external monitoring. Likewise,

the U.V. F-F actuates the U.V. indicator and U.V. relay via transistor buffers
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and also directly connects to the U.V. BNC with a CMOS compatible output. The
U.Y. relay may also be energized Ly 2 low control box battery voltage condition.
The voltage sensing circuit is located on the Interface board menticned earlier
in this report. (See Receiver Section). Thus control box connector pins E & F
will be shorted together whenever the SPVD battery or the control box battery is
too low in voltage.

During the SPVD Phase I effort, there was a very significant false alarm
problem with the tone decoder in urban areas. Tnerefore extensive tests were
made on the prototype decoder design. A sensitive receiver (AM/URR-52B - Watkins
Johnson RS-1118) attached to an outside antenna providec signals for the decoder
whose output was then recorded on a Rustrak strip chart recorder. No false
alarms were recorded for the 500 houi test period despite noted RFI/EMI, i.e.,
occasional voices in our Maryland-Washington, DC location.

One accidental observation, that of locatiny the control box (receiver/
decoder) near (22 50 feet) an electric arc welding shop, produced a very high
miss ratec effectively disrupting the telemetry link. Removing the control box
from the building {i.e., 100 feet) eliminated the problem.
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V. TELEMETRY OSCILLATOR/TRANSMITTER DEVELOPMENT

Introduction ;
2

The original SPVD in-house effort™ was primarily involved with the magnetic

sensor module improvement and upgrading of the tone encoding/decoding schemes.

In final form our responsibilities included optimization of the RF section in the i

SPVD unit. Not having in-house RF designers, attempts were made to contract

T,

that portion of the project to someone who would not have to spend most of his
efforts while on the learning curve. This proved futile; however, expert advice

g ‘ was obtained from Mr. Philip J. Lizzi, who made several recommendations regarding
; : the oscillator and transmitter designs. The SPVD transmitter (RF power amplifier)

is, in fact, the basic circuit that he suggested with a few modifications. It is

e i tbeaniti e I it e ek

F felt that this SPVD transmitter circuitry is not the ultimate in RF realizations 3
| but it is an improvement over the previous hardware and appears to satisfy system
3

3

requirements.

{
The same general telemetry configuration as devised by the Phase I SPVD effort H
1
i

is employed here. However to reduce false detections, vehicle leading edge,

F , ; trailing edge, and SPVD battery undervoltage are now encoded for tranmission by
s ]
] | means of two simultaneous tones (a combination of 3 tones taken two at a time).

Again the radiated signal duration is 30 ms. The tones are frequency modulated

E j onto a 41 MHz carrier with approximately 100mw of RF energy being delivered to

| the antenna. This low power level not only extends battery lifetime, but eliminates ]
the need for FCC type approval. The areas of probable SPVD improvement were i
circuit stability, wider frequency deviation, and transmitter efficiency. Because

the signal to noise ratio of an FM system increases with larger deviations (requiring

B . £ S ana I R SR

a larger bandwidth), the maximum deviation desired was determined by the bandwidth
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and deviation acceptance of the SPVD Receiver. The SPVD receiver selected for
this system was specified as having an [.F. selectivity of +13 KHz @ -6db and a
modulation acceptance of :7 KHz. Allowing for center frequency drift due to
long-term aging, temperature, and voltage variations., the oscillator deviation
extremes were selected to be +5 KHz. Frequency stability and deaviation were given

a higher priority than oscillator energy consumption and thus no quantitative

T A R TR

efficiency goals were set.

The use of the newly-designed single 1/4 omnidirectional microstrip antemns {

W T T YT g T

permitted a markable reduction in the RF amplifier complexity and higher circuit
efficiencies. Now only one RF amplifier is required and an additional battery
can be accommodated within the SPVD unit thereby doubling the energy available

to power a less efficient oscillator/transmitter if necessary.

Before proceeding with an outline of what will be covered in this section
of the report, the term oscillator when referring to a circuit assembly of the
SPVD is to be understood to include the modulator, oscillator, and doubler
components. The first item to be discussed will be SPVD oscillator design and
performance goals. Next follows a general presentation =¥ the two possible
oscillator realizations noting the advantages and drawbacks to each in light of

T T, T R L ey T T T T e

the SPVD program. Then the Phase I SPVD oscillator is analyzed regarding its

performance characteristics. Several theoretical concepts are reviewed regarding
wider-deviation Voltage Controlled Crystal Oscillators (VCX0) and, finally, the
development of the present SPVD oscillator is documented.

g SPVD Oscillator Technical Objectives
E The oscillator design and performance goals are defined by the overall SPVD

system objectives namely: (1) SPVD vperational lifetime is one year, (2) volumetric

72
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constraints of a cylinder 4 1/2" in diameter and 12" long, (3) wide operating

F temperature range of -30°F to +170°F and (4) Yow cost due to possible wide-
spread utilization of SPVD systems. The SPVD oscillator technical objectives ;
] are listed below in a descending order of priority. !
: Because of the nature of this project, these goals are often expressed in
qualitative form.

1. Oscillator Frequency Stability - 2 KHz of preset channel frequency:
41.41 MHz or 41.37 MMz.

2. Frequency Modulation Characteristics - 0 to +5 KHz deviation

Prysical Size - minimal

3
4. Power consumption - minimal
5. Cost - minimal

Frequency Modulation Generation

The generation of an FM signal may be accomplished in one of two ways, the f
direct or the indirect method of frequency modulation. Indirect frequency modula-

tion is implemented by means of a narrowband phase modulator whose carrier
frequency is supplied by a stable source, usually a crystal-controlled oscillator,
i ensuring good stability. The baseband signal is integrated before its application
i to the modulator so that the frequency rather than the phase is proportional to

| the modulation. To increase the frequency deviation of the narrowbanded FM signal,

frequency multiplication is employed. Here the carrier frequency and frequency ﬁ

E deviations are increased without affecting the modulating frequency. Because it
E may be necessary to have many stages of multiplication before the desired deviation

is achieved, heterodyning is required to translate the spectrum intact to the

i
|
;ﬁ
i

proper location using a second crystal-controlled oscillator. As can be surmised
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indirect frequency modulation, while providing very good frequency stability
suffers from high cost, complex realizations (large size), and high power
consumption.

The direct method of frequency modulation (parameter variation method), on
the other hand, is characterized by low cost, small size, and low power dissipation
at the expense of a degradation in frequency stability. Conceptually this type of
FM generation is straightforward and requires nothing more than a Yoltage Controlled
Oscillator (VCO) whose oscillation frequency has a linear dependence on an applied
voltage. The generation of an RF carrier is usually provided by a tuned circuit
oscillator. The frequency of oscillation is principally determined by an inductance-

capacitance combination in resonance and is described by the relationship

]

Fa ——
r /IC

F = frequency of oscillation (Hz)
L = henries
C = farads

If either the inductance or capacitance were to be made voltage-dependent, then the
frequency of oscillation would be a function of voltage (in this instance, the
baseband signal). A varactor diode serves as a voltage-variable capacitor when
reverse biased as the magnitude of the reverse bias determines the terminal
capacitance. Thus a quite simple and inexpensive VCO can be realized using a
varactor diode as the variable reactance element. Significant frequency deviations
may be achieved without the need of additional operations (multiplication and
heterodyning) but frequency stability will be poor.

A quartz crystal resonator when introduced as the frequency-determining
element greatly improves stability of an oscillator by at least several orders of
magnitude. However, frequency modulation of a crystal-controlled oscillator is
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difficult and therefore limited due to the stable nature of the crystal. This
dilemma is sumarized as follows: there is a measure of inconsistency in requiring
an oscillator to have long-term frequency stability and yet be able to respond

readily to frequency shifts caused by a modulating signal. We expect therefore

an inverse relationship exists between a VCO's deviation and its long-term stability.

A compromise condition must be reached whereby an acceptable deviation is obtained
with satisfactory frequency stability performance.

Due to the simplistic nature of direct frequency modulation, the SPVD
oscillator is, in both the Phase 1 SPVD and the present system, a Voitage Controlled
Crystal Oscillator (VCX0) incorporating a varactor diode as the reactance modulator.
The Phase I approach was characterized by good frequency stability but insufficient
deviation. The present SPYD oscillator widens the deviation extremes with the
addition of several components that alter slightly the crystal resonator charac-
teristics. The frequencies allocated to the SPVD syst-m are 41.41 Mhz and 41.37 MHz
which requires that either a fundamental mode crystal be used followed by a
frequency doubler or a 3rd overtone crystal oscillator be incorporated without
subsequent multiplication. The fundamenta! crystal/doubler technique was chosen
for the SPVD system since a frequency doubler is easily realized, it doubles the
deviation, and provides isolation between the oscillator and the RF amplifier.

Also overtone crystal opcration does not permit as wide a frequency deviation and
gencrates more distortion than a fundamental mode crystal oscillator.

The Phase I SPYD Oscillator

< P N ARl bl D5 8 50 S

The Phase 1 VCXO0 is a parallel mode crystal oscillator of the
Colpitts configuration that is frequency modulated by means of variable-cipacitance
loading of the quartz resonator. As stated befcre, the crystal (f = 1/2f,) is
operated in the fundamental rode and is doubled by the collector tank circuit.
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The encoded tones control the reverse bias of the varactor diode in series with t

4 the crystal generating the desired frequency modulation. Referencell provides

an explanation of the Colpitts parallel mode crystal oscillator. Reference 12 ) 3

4 describes the variable-capacitance loading of quartz resonators and gives the

mathematical derivation that predicts the frequency pulling range for such an
oscillator. In Figure 27is shown the Phase I SPVD oscillator and the equivalent
resonator circuit assuming C24 and C25 are large enough so that the load seen

by the crystal is almost totally dependent on the varactor diode circuit.

Table IX presents the varactor capacitance and associated crystal load

capacitance for various varactor diode bias conditions.

el itk Uit A it kA i L e L L b SR S

; TABLE IX. VARACTOR DIODE CHARACTERISTICS %
?
j Varactor Varactor Crystal ?
? Rev. Bias(volts) Cap {pF) Load Cap *(pF) ~
: 4 48 a1 j
é 5 30 32 !
6 20 26 é
3 7 15 22 ]
3 8 13 20.5
E

Varactor = Motorola MV1404

f | *Trimmer is set at 9nF

With 6 volts as the unmodulated bias point, a two volt P-P signal would create a
: crystal load minimum and maximum capacitance of 22pF and 32pF respectively. Thus . ]

the pulling range (KHz) derived from Equation 14 of Reference 12 is shown below:

B (KHz) 500 1 1
- - |
fo (MHz) ro C min 1+ C max
Co Co

1+
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FIGURE 27. PHASE | SPVD OSCILLATOR.
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Co
r, s — s 200 Co ~ SpF

4

B = 2.5 KH2
After doubling the deviation would oe, 2.5 KHz. Reference 13 does a computer
analysis of a similar VCX0 at 20 MHz using the AC-Coded circuit analysis program.
As the load capacitance is varied from 22pF to 32pF a frequency deviation of
about 2.4 KHz occurs; subsequent doubling would result in :2.4 KHz deviation.
Even though the analysis approach taken in Reference 12 and Reference 13differ,
the expected deviation of :2.4 KHz is substantiated by both.

If the modulation were increased to 4v pp, C min and C max loading on the
crystal would be about 20.5 and 41pF respectively. Application of Equation 14
(Reference 12) gives a deviation of 4.37 KHz which after doubling becomes
+4.37 KHz. Reference 13 for the same capacitive loading limits on the crystal
identifies a £5 XKHz deviation after doub!ling.

Although the above results predict satisfactory deviation performance with
a modulating signal of 4v pp on the varactor, the actual SPVD oscillator had much
less deviation, in the order of :500 Hz. This may have been-jue to the particular
quartz resonator and/or stray and other circuit capacitance which were not taken
into account during the preceeding theoretical analysis. It was quite apparent
that another approach to the VCX0 was needed.

Present SPVD Oscillator

Additional research revealed that a VCX0 may be implemented in a way which
permits rather large frequency deviations at a moderate loss in stability. Having
numerous sonobuoys available and knowing acoustic information was frequency

modulated, investigations began on the VCXO techniques used. The Spartan
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Electronics Corporation AN/SSQ-57, although having a final transmitting frequency

N a it

of 160 MHz, employed a 20 MHz VCXO that was frequency multiplied by a factor of 8.

. Closer inspection revealed the osciilator was a series-tuned Colpitts oscillator

using a fundamental mode crystal, a reactance modulator (varactor diode), and a

Mo

collector tank circuit tuned to the second harmonic. The modulator-oscillator-
doubler stage was extracted from a sonobuoy to get a feel for its deviation, sta-

bility, and the feasibility of interfacing it to the RF amplifier described later

ndilh L%,

in this report. The oscillator was powered by the 6.7v SPVD battery, and the

current drain was about 16ma. Very large deviations were observed and the oscil-

PP

lator provided sufficient power at 41 MHz to drive the RF amplifier at a 100 mw

level into 50Q. In fact with everything peaked, 200 mw was delivered into 500 : H
at a combined oscillator/RF amplifier current of 67ma. Several temperature per-
formance tests were conducted cycling the oscillator from -30°C to +70°C; the
corresponding frequency drift totaled about 6 KHz maximum. Later when the spectrum ;
analyzer became available, it was found that the tuning procedure used up to that %
{

- point caused the oscillator to operate in amode generating amplitude modulation

e

of significant proportions. This led to poorer frequency stability than the circuit

is capable of. ?

TR
o

The fnitial VCXO derived from the sonobuoy circuit is shown schematically in ;
Figure 28. Much of the work done on this oscillator was experimental. A literature
search surfaced several papers discussing this type of VCXO. The basic Colpitts
oscillator equivalent circuit is shown in Figure 29 having a collector tank tuned
. to the 2nd harmonic of the oscillator. X, represents the series connection of the
varactor diode CS. series inductance LS’ and the quartz crystal unit. Figure 30
demonstrates the effect of a series reactance element on a crystal assuming the

re.ctance of the capacitance and

31
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inductance is constant over this narrow frequency range. Essentially the series

reactance/crystal combination results in a reactance vs frequency relationship Rt
which is that of the crystal itself but shifted up or down relative to the X = 0 |
) line. In the case of series capacitance, the series rescnant point is raised . ‘@
above the series resonant frequency of the crystal alone. The inductance on the ‘

- other hand, displaces the series resonant point away from the anti-resonant

i

crystal frequency.

Because frequency stability is greatest when we have achieved the highest

» the crystal oscillator frequency may be deviated more easily as the circuit

[=N]~%
N

o omeab K * 32" i ¢ b L o AL

i3 operated where the reactance vs frequency slope is more shailow. For the
Colpitts oscillator to function, XL must appear inductive to the circuit requiring
oscillator operation somewhere between the series resonant point and the anti-
resonant point of the crystal/series reactance combination. As seen in Figure 30,

a series inductance lowers fs while% above fSL is more shallow. In summary, the

series resonant frequency is lowered by the addition of a series inductance which
inc-eases the total equivalent circuit inductance. Becuuse the reactance vs

frequency curve is more shaliow in the vicinity of fS , the oscillator frequency

L

o T S - ———

is able to be pulled more easily, but stability suffers proportionately.
If both a voltage-controlled capacitance and an inductance are connected in
series with the crystal as shown in Figure 31, a wide deviation VCX0 is realized.

By making XLS larger than XCS’ the resultant resonant frequency is lowered;

as XLS is increased the tuning effect of the varactor diode becomes greater

\

(-g% at the operating point is Iower~). A qualitative measure of frequency

: 82
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instabiiity in the above series combination can be obtained by comparing the
magnitude of LS to the crystal-unit effective inductance.

The specifications of the SPVD crystal unit were determined t2 be the
following:

—
3

Channel 1: 20.690000 MHz, Channel 2: 20.710000 MHz

2. Temp. Tolerance -30° to 60°C i.003%

3. Calibration Tolerance .0025% @ 25°C

4. Holder HC-32/V

5. Series Mode

The crystal frequency was specified after several circuit parameters were
defined. First, the bias on the varactor diode is made as large as possible to
reduce temperature-induced effects on the diode capacitance. Originally the
tone-summing OP-AMP was AC coupled to the varactor diode modulator, but subsequently
DC coupling is employed to reduce startup transients. The OP-AMP output is limited
to about 6v max (VDD = 6.7v) before saturation occurs; by selecting a center
frequency bias of about 4.5 volts, a maximum modulation of +1.5v is permitted.
Since the OP-AMP now supplies the center frequency biasing, the 13K and 39K biasing
resistors are no longer required in the circuit.

In an effort to achieve reasonable linearity of the frequency modulated
tones, the target modulation sensitivity of .5v/5 KHz deviation (@ f,) was chosen.
Because the log-log plot of varactor reverse bias vs varactor capacitance is not
linear, a smaller voltage swing impressed across the varactor was assumed would
produce less nonlinearity in the modulated tones. Series inductor LS was increased
until the desired modulation sensitivity resulted; at this point, the oscillator
operated 5 KHz below the marked crystal frequency. Thus the specified crystal

frequency became 5 KHz higher than the actual desired channel frequency (divided

83




Y

—— e T

—

r pon— il oy A
e e erm———— W TN T I S I T L :

NSWC/WOL TR 78-177
by 2).

The temperature crystal tolerance is certainly not typical of a precision

qQuartz resonator unit since the temperature drift of LS and Cs will be rather
large in comparison to the crystal.

The final circuit configuration is shown in Figure 32. Parasitic oscillations
resonated by the varactor diode (CS) and the series inductance (Ls) are suppressed

by the 47 K resistor shunting Lg- To prevent oscillator moding, (circuit operation
at a higher freguency determined by the series coil and the shunt capacity of the

quartz crystal), the series combination of the .02 uF capacitor and the 3.9 KQ

resistor shunts the crystal. It was noticed that when using a wideband receiver

(100 kHz) the demodulated tones contained a damped sinusoid following each first

derivative discontinuity of the baseband signal. Using fourier analysis, -~ lex

modulating waveforms when frequency modulated generate high sidebands; shouls
sidebands coincide with an undesired crystal mode, spurious responses occur. Even
though these higher sidebands exist, they are ignored by the fairly narrowband
SPYD receiver eliminating the need to generate and sum sinusoids instead of easily
produced square waves for the tones.

Numerous attempts were made to alter the oscillator configuration for the

purpose of obtaining higher stability and/or greater efficiency. However, temperature

cycling tests revealed a general lack of improvement over the basic oscillator design.
The frequency drift characteristics due to temperature variations are listed in the
RF amplifier section of this report while the oscillator tuning steps are described
in the SPVD Transmitter Tuning Procedure section.

Several circuit improvements seem at least conceptually plausible. After

temperature vs frequency data is taken on a aumber of units, temperature compensating
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components could be utilized to improve frequencystability. For example, a thermis-
tor might be inserted in the bfas circuit for the varactor diode, or capacitors
with certain temperature coerficients could be used in the base/emitter circuit
of the oscillator. To reduce frequency drift due to battery voltage changes, the

4 volt regulator may somehow be tied into the varactor bias circuit. Also, os-

cillator efficiency could see improvement through the use of a field effect active
element instead of the bipolar transistor; however, it is anticipated that a high
§ battery voltage would be necessary. Hith such a device, the oscillator configura-

tion uf References 11 and 12 may be applied leading to both greater frequency
stability and efficiency.
Transmitter Design

The transmitter (RF power amplifier) supplied with the original SPVD suffered

E from temperature instability and had a high frequency amplitude modulation super-
imposed on the carrier. Mr. P. J. Lizzi, an FAA engineer, suggested that the trans-
mitter be designad in accordance with Motorola Application Notes AN-267 (Matching

| Network Design with Computer Solution)13 and AN-282A (Systemizing RF Power Amplifier
Design).]4 Reference 14 describes the means to determine the large signal input and

output impedance of the transistor while Reference 13 provides a solution for various
matching networks. It was assumed that the RF Amplifier would be driving a 50Q

antenna (the 20 production SPVD antennas were not 500 as originally expected but

L e T T T T

i varied from several ohms to about 30 ohms depending on the hole environment). A
later discussion will indicate how this discrepancy was tieated.
The first parameter needed to design the RF amplifier output matching network

é is the parallel equivalent load resistance at the desired power level. Using

equation 2 of Reference 14
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.o
RS = —CC

L

- VCE(sat))2
2P

Power = .1 watt
Vcc = 6.7 volts
VCE(sat) = 1.5 volts

RL ~ 135Q

From the data sheet for the 2N3866, the parallel equivalent output capacitance
is about 7pF.

Using the formula below, we convert the equivalent parallel resistance and

capacitance into their series equivalents.
RP R

Rs= ——-—-—2 and XS=R —_

R P
X 1
P 4 =

X

P
(2r) (41x108) (7x10712)
135

RS B e—

X, = 554Q
1 4-(ljgi) P
554 y - _108 - 135

S 554

R = 1089 X = 26.40

Of the four matching networks presented in Referencel3, Network D was
recommended by Mr. Lizzi as yielding the highest collectur efficiency. It also is

useful when matching impedance of less than or greater than 50 ohms. Figure 33

below illustrates network D.
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Assuming a Q of 10, the computer solutfons indicate that:

Xu = 11000 and X

u " 5t Xeontl

»

Xu = 11260

xLZ = 730Q

Xc] = 430Q

Converting these impedances to component values, we have

L] =~ 4.37 uH
LZ s 2.83 uH

C] ~ 9pF

Reference 13 states that tuning of the matching network may be accomplished by using
a variable capacitor for Cl1. In the SPVD units L1, L2, and C1 are variable since

several unknowns still existed, i.e., antenna characteristics and adjustment of

transmitter power. Applying the coil winding formula below, L1 and L2 were
fabricated.

2 2

n“r x10-6

L (uH) =

radius of winding
no. of turns
coil length

9r + 102

L1 - 5/16 dia. form, 23T, #28 w/o slug L] = 3.3 uH

L2 - 5/16 dia. form, 17T, #25 w/o slug L2 =~ 1.8 pH

C1 - variable capacitor 4 to 24pr
88
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The initial SPVD RF transmitter is shown schematically in Figure 34.

Capacitors C2 and C3 AC couple the oscillator stage to the RF amplifier and
the matching network to the antenna, respectively. The 51Q base resistor provides
the necessary bias for proper Class C transistor operation, while the 100uH inductor
effectively blocks the RF drive signal from being shunted to ground thru the 51Q
resistor. The T10uH RFC inductor supplies the DC energy to the collector circuit
of the transistor while preventing the output RF signal from being shunted to AC
ground. Two capacitors are inserted across Vcc and ground to insure good AC
ground on vCC‘

The choice of coupling capacitor C2 was arrived at empirically. First a
220pF capacitor was used; this resulted in an uncontrolled AM spurious oscillatory
mode. At 50pF the AM oscillations could be eliminated and when the matching retwork
was peaked, the resulting power was 200mw @ 63ma (current includes about 16ma
for the oscillator/doubler) yielding an efficiency of about 47%. However, adjusting
the matching network to an output level of 100mw, overall efficiency dropped to
34X. The optimum value of C2 appeared to be 33pF, at this point the AM spurious
oscillation was less of a problem and at an output of 100mw, efficiency was 38%.

A value of 25pF resulted in slightly higher efficiency but at the expense of
higher harmonic content at 3 and 4 times the fundamental frequency.

As expected the power output of the RF amplifier could be adjusted by detuning
the matching network from the "peaked" condition. Much of the early experimentation
in tuning and temperature tests were conducted without the use of a spectrum
analyzer. ¥t was later discovered that the AM spurious oscillatory mode could be
induced by various tuning combinations, This degenerate oscillation, characterized
by sidebands spaced 2 MHz apart, actually increased efficiency and worsened frequency

stability. Most the early temperature tests were invalid because of this undetected
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7:‘4 75\ 4':& —== TO ANTENNA

3 >F 82 pF
2N3008 1
c2
81
100 uM L1 - 3.3-8.5 uH
RFC L2 - 1.8-3.8 uH
Cl - 4-28 pF
FIGURE 34. INITIAL SPVD RF TRANSMITTER,
SIMULATED
N ANTENNA LOAD
A
FROM < .
TRANSMITTER v Ry S 8051 (POWER METER)
]
»- >

FIGURE 36. POWER METER TEST SETUP.
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anomally. The power meter cannot discriminate between various frequency signals and
apparently the AM sideband was adding power in a manner that increased efficiency.
Once the spectrum analyzer was availahle, the tuning procedure became one of getting
maximum efficiency at 100mw and, at the same time, minimizing subharmonic and
harmonic content of the RF signal.

At this point in time the transmitter alone was temperature cycled to determine

the effects on the oscillator/doubler due to changing load conditions (input impedance

variations of the RF amplifier) and also get a temperature vs power output profile
of the transmitter. Table X summarizes the results, where the current and efficiency
include both the oscillator/doubler and transmitter even though the transmitter was
the only item temperature cycled.

TABLE X. SPVD RF AMPLIFIER POWER CHARACTERISTIC VS TEMPERATURE

T (°C) Power (mw) Current (ma) Frequency (MHz) Efficiency (%
17 105 39.5 41.40020 40
60 98 39 41.40020 38
70 96 39 41.40020 37
-10 94 38 41.40020 37
-30 84 37 41.40020 34
-40 78 36 41.40020 32
20 104 39 41.40020 40

From the data in Table X, the power output of the RF amplifier dropped slightly
as temperature increased and fell off more significantly at lower temperatures.
This i3 no cause for alarm since the oscillator/doubler output increases below
20°C. It is worthwhile noting the oscillator/doubler frequency was not pulled due
to temperature variations in the RF amplifier.

The trouble began when the transmitter, tuned for 100mw into 50Q, was connected
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to the SPVYD antenna. The antenna did not present a 500 load to the transmitter
as previously assumed. When placed in a dry hole, the antenna impedance was about
30Q but it dropped to several ohms when submerged in a roadway hole filled with
water. Once the transmitter was activated and the 30ms transmission was complete,
the RF amplifier remained oscillating on its own. Because current consumption was
about 20ma, the SPVD battery wou'd be discharged in short order.

The first efforts ir preventing this self oscillation resulted in the placement
of ferrite shield beads in two locations. One replaced the 100uH RF choke in the
base circuit of the 2N3866. The other was placed on the lead of the oscillator-
transmitter coupling capacitor C2. This did not, however, eliminate the oscillation
completely. The sustained oscillation involved the base circuit of the 2N3866
transistor and included the tank components of the oscillator/doubler but not the
oscillator itself. Therefore it was not an “on-channel" signal, but centered several
megahertz below the channel frequency.

The elimination of this problem seemed to point toward detuning the 2N3866
base circuit when transmission was not to occur. A varactor diode has a voltage
dependent capacitance characteristic in which the greater the reverse-bias on the
diode, the less capacitance appears at its terminals. Thus the varactor diode
(identical to the one used in the modulator} was connected from the switched Vcc
1ine that powers the oscillator/doubler to the base lead of the 2N3866 transistor.
During the 30ms transmission the varactor diode capacitance is about 15pF but with
the oscillator/doubler unpowered and a reverse bias of 1 volt the varactor capaci-
tance rises to 35pF. With a reverse bias of .25 volts the capacitance is at least
80pF. Apparently, this additional capacitance during transmitter de-activation
detunes the base circuit sufficiently to eliminate the sustained transmitter

oscillation. Out of curiosity, the ferrite shield beads were removed from the
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circuit leaving just the varactor diode in place. The -transmitter did break into

the degenerate sustained oscillatory mode indicating both the varactor diode and

] ' the ferrite beads are necessary in the circuit. )
A

Next on the agenda was to determine how to tune the matching network of the

4 transmitter so the large antenna impedance variation would be accommodated. Also

a measurement technique was needed to get a figure of RF power reaching the antenna

when inserted in various hole environments. To accomplish the latter, a 50ma current ‘
; meter was connected in series with the SPVD battery to measure the DC current drawn ;

by both the oscillator/doubler and the transmitter. Next, the meter was mounted to i

an antenna iid that was fitted with a plexiglas window. Thus the current could be

g read even though the SPVD unit was assembled as a watertight package. The entire

RF section of the SPVD was powered for continuous operation.

ey T
-

A dummy antenna was fabricated (details are in the SPVD Transmitter Tuning

Procedure), being a 22" length of RG-58 coaxial cable having male BNC's at both ends

and the capability for shunting one end with a fixed resistor. The neon-resistor

k end was connected to the transmitter output lead and the other end connected to a
* .

»
— . oY R I PP P T I L
uh o e Ve Wamie e o

3 , 502 power meter having a full scale setting of about 30mw. Assuming that both the

fixed resistor and the 500 power meter appear resistive to the transmitter, a !

calculation could be made to determine the power dissipated in the fixed resistor i

f ; at a particular current since we know the power dissipated in the 502 power meter.

i e el A e e e

Il1lustrated in Figure 35is the setup. The equation used to determine power into

the fixed resistor is:

% ) P, = power dissipated in fixed resistor (unknown)

3 P2 = power dissipated by 502 power meter

T TTT NP PTSTL P I JUIPEPVITIE RPNy T DU
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The procedure now used was to tune up the transmitter to an assortment of
fixed resistor values for 100mw and then place the SPVD unit in both the "dry"
and "wet" holes. In each environment the d.c. current was recordad, the current

being an indication of RF power dissipated by the antonna. In Table Xi the results

are summarized as the resistor was varied romembeiring that with each resistor tried

the matching network was tuned for 100mw at about 40ma on the bench.

TABLE XI. TRANSMITTER CURRENT IN ROADWAY HOLE ENVIRONMENTS FOR VARIOUS TUNING

CONDITINNS.
Hole Environment Current (ma)

Ry (@) Dry Vet ;
1

23 42 20 §
10 >50 30 E
6.8 37 33 |
5.6 7 42 %
5.7 38 45 [2
3.9 30 >50 I
2.7 24 >50 !

From the data in Table XI the best tuning resistance of R, was 5.6u for 2 balanced

power dissipation.

The validity of this tuning approach was substantiated in the first severul

SPVD units assemblad. Kanges were penerally 600 to 700 feet for a dry hole environ-

I
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i
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Temp (°C

32
70
10
-15
-30
-40
28

3
3
s
%f*
E |
*
|
E
1
;
ki"

Pt

drop in efficiency.

B B L L L LRIy W VI EN

a1
41
41
41
a
a1
a1

sat dmie 14

time and funds are available.

Freq Wiz

.410113
-410137
.411010
.411752
.412100C
.412240
.409948

slightly as efficiency rose also.
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RF_FWR (mw)

1.1

9.6
11.5
11.6
11.2
n.o
10.8

meteir or the 600 frequency counter.

The RF frequ:ncy gained about 2 KHz; this does
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least 500' in the dry hole environment meeting the design joal.

+70°C to -40°C and the results are summarized in Table X!I.
TABLE XIT. RF OSCILLATOR/TRANSHMITTER TEMPERATURE PERFORMANCE

Current (ma)

ment and 450 to 600 feet with the SPVD uni* submerged in water. However, not all
remining units were this baianced indicating that due to transmitter/artenna
variations, a more personalized tuning technique might be employed if sufficient

Each of the 20 SPYD units did exhibit ranges of at

As a final temperature perfsrmance check, an SPVD RF module was operated from

Tota! Power (mw)

40
40
39.8
38.9
37.8
36.5
39

tempersture and the frequency drift will be partially cancelled.

4w a

110

95
114
1S
m
109
107

In this test, the SPVD battery was externa)l to the environmental chamber and the
| dummy antenna mentioned previously coupled the transmitter output to the power

We observed,first of all, the RF frequency rose slightly as the temperature
was increased to +70°C; the power, however, dropped about 14% with a corresponding

At the low terperature extremes, output power increased

not cause much concern since the battery terminal voltage will drop with lowering
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Possible areas of improvement seem to be contingent on a higher battery voltage.

! With such a case, a power FET or MOSFET couid be employed requiring less input drive

Fom 110 SurEar s b e 1 Timamas ‘__.:t«a..amsn-..‘

from the oscillator section. Also references 16a and 16b present techniques for

higher efficiency 1f the appropriate drive signal could be generated.

b Figure 36 is a complete schemetic diagram of the SPVD Oscillator/Transmitter. 7
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SPVD Transmitter Tuning Procedure
A. Unit and Setup Preparation
1. Make up a dummy antenna cable as follows:

a. Cut a 50Q coaxial cable to a length of 22".

b. Install a male BNC connector to one end of the cable.

c. To the other end, solder a 5.6Q2 resistor from the inner conductor
to the shield.

d. Solder a BNC (male) connector across the 5.6Q resistor.

2. Connect the dummy antenna (non-resistor end) to the coax cable of the
transmitter board using a barrel BNC connector.

3. Couple the resistor énd of the dummy antenna to a 502 RF power meter
which is set to indicate about 30mw full scale.

4. Remove the transmitter/sensor assembly from the battery housing so that the
compcnents on the transmitter board are accessible.

5. Adjust the following inductors to these initial positions: L1 - minimum
inductance (slug screwed down as far as possible); L2 - adjusted to about 1/3 up
from the bottom of the form; L3 - minimum inductarce; and L4 - maximum inductance.

6. Power up the SPVD unit as shown in Figure 37 using a mercury battery
identical to the batteries of the SPVD.

7. Place a DIP-CLIP on IC 4070BE an4d connect a clip lead to pin 6.

NOTE: An external battery is used almost exclusively for the tuning procedure
because the actual SPVD battery compartment is internally fused at 1 amp. Thus,
any inadvertent shorting of the battery will blow the fuse and necessitate a 15-30

minute fuse replacement endeavor.
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8. Monitor the Vehicle Presence (V.P.) line from the sensor medule. If V.P.
is low (the sensor has nulled properly) connect the otner end of the clip lead on
pin 6 (4047BE) to VDD(+). However, should V.P. be high (sensor not nulled) connect
pin 6 to ground. This will activate two tone generators and power up the transmitter
section. At this point the current drain should be at least 15ma which is required
by the RF oscillator even iv everything else is misaligned.

B. Power Output Adjustment (Initial)

9. Vary C4 to get a maximum deflection on the power meter.

10; Adjust L2 to get highest power meter indication.

11. Rereat 9 and 10 until power will not increase. A reading of at least
1lmw should be observed at a minimum current of 40ma.

12. Slowly increase the inductance of L3 and adjust C4 for maximum power
delivered to the power meter. The objective here is to obtain a reading of 11.5mw
on the power meter with the largest inductance value of L3; the corresponding
current will be about 40ma.

13. Repeat 12 until the objective is realized. If in adjusting C', 11.5mw cannot
be obtained, decrease the inductance of L3 and readjust (4 until i1.5mw is obtained.
14. Repeat step 10. .

C. RF Frequency and Deviation Alignment

14. Remove the ammeter from the battery circuit and connect the resistor end
of the dummy antenna to a 50Q -~ input frequency counter capable of reading at least
50 MHz. The setup is depicted in Figure 38.

15. Adjust L) until the proper frequency is obtained; for channel 1 it is
41.37 MHz and for channel 2, 41.41 MHz.

16. For the deviation checkout/adjustment, it is assumed that V.P. is low;

if the sensor does not null in its current position, a temporary jumper from V.P.
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to ground will simulate a nulled sensor condition. N:» pin 6 (4047BE) is connected
to VDD and the 4100 Hz tone oscillator, the 5500 Hz oscillator, and the transmitter
will be activated.

17. The frequency deviation 1imits are checked by inhibiting the tone oscilla-
tors in a particular output state condition. Table XIIIsummarizes the 4 possible
output combinations for the two inhibited tone oscillators and the corresponding

significance of the comb®nation with regard to the modulation.

XIII. Transmitter Qutput for Selected Tone States

Combiration 4100 Hz 5500 Hz Carrier Frequency
Number Output Q Output Q Significance
1 L L Upper Frequency Deviation Limit
2 L H Center Frequency
3 H L Center Frequency
4 H H Lower Frequency Deviation Limit

Because the tone generators are prevented from oscillating the transmitted signal
will be an unmodulated carrier.

18. To inhibit a tone oscillator, connect the node common tc both fixed resistors
in the timing circuit of the 4047BE to ground. The output of the 4047 will result
randomly in a high or low state. Both the 5500 Hz and 4100 Kz tone generators must
be jumpered to ground.

19. It is desired to realize a *5kKHz deviation. That translates for Channel 1-
to an upper deviation limit of 41.375 MHz and a lower limit of 41.365 MHz while
for Channel 2 it is 41.415 MHz and 41.405 MHz respectively.

20. The frequency deviation is function of several parameters: (1) the bias point
on the varactor diode, (2) the amount that the crystal is pulled below its natural

resonant frequency (the farther the crystal is operated from its series resonant
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point the greater its sensitivity to frequency modulation), and (3) the gain of the
tone swming OP-AMP which directly controls the modulation amplitude. Since a
change in the OP-AMP gain alters the bias point on the varactor diode, it is
necessary to retune L1 to achieve the proper center frequency after a gain change
has been made.

21. Insert a 20KQ potentiometer (initfally adjusted to about 12KQ ) between
the inverting input of the OP-AMP (pin 2) and its output (pin 6), in place of the
fixed resistor.

22. Apply Step 18 to the 4100 Hz and 5500 Hz oscillators to obtain combination
#2 in Table XIIL Now adjust L1 for the proper center frequency for that channel.

23. Apply Step 18 to both of the above oscillators to achieve combination No. 1
in Table XIII.. There should be a 5 KHz increase in RF transmitter frequency. If the
frequency change is less than 5 KHz, increase the pot resistance until half of the
frequency deviation daficiency is eliminated.

24, Repeat Step 22.

25. Repeat Step 23 and 24 as often as necessary to get the 5 KHz increase from
the proper center frequency. As can be expected if the deviation is too large the
pot resistance must be decreased sufficiently to where 23 and 24 can be applied.

25. With the positive going deviation appropriately adjusted, check the negative
going deviation limit by applying step 18 to achieve combination 4 in Table XIII. It
shculd result in a 5 kHz decrease in transmitter frequency. The frequency deviation
1imits will, in all likelihood, not be exactly symmetrical about the center frequency
of the channel. The 20 SPVD units had deviations ranging from about +5 KHz to
+5.25 KHz.

26. Once the proper frequency deviation {s obtained at the specified channel
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frequency insert permanently a fixed resistor of equal value to the potentiometer.

It is recommended that a 7 KQ fixed resistor and a 5 KQ potentiometer be usec as

the feed-back element of the OP-AMP in any additional SPVD units that may be fabri-
cated.

27. As a final check, repeat 18 for combinations 1, 2, and 4 to ensure that the
fixed resistor is the proper value.

D. Adjustment of the Tone Frequencies

28. Connect a frequency counter to the output of an SPVD control box receiver.

29. Remove the shorting jumper from the 5500 Hz oscillator (4100 Hz oscillator
still inhibited). Adjust the 5K potentiometer associated with the 5500 Hz oscillator
until the frequency counter in 28 reads 5505 Hz.

30. Innibit the 5500 Hz oscillator and remove the shorting jumper from the
4100 Hz oscillator. Adjust its corresponding pot to get a tone frequency of 4104 Hz.

31. Jumper the Under Voltage (U.V.) output of the SPVG sensor to VDD(+). This
will activate the lowest tone generator (5500 Hz oscillator still  inhibited).
Now adjust the 3000 Hz oscillator pot for a tore frequency of 3003 Hz.

E. Final Adjustment of Transmitter Power

32. Reinsert the ammeter, remove shorting jumpers on all tone generators, and
adjust L1 for the proper channel frequency.

33. Disconnect the dummy antenna from the frequency counter and connect it to
the power meter which is set for 30mw f.s. The SPVD sensor should be positioned
so that the sensor is nulled (V.P. is low). After sensor nulling is complete,
the jumping of pin 6 to VDD dgain activates the tone generators and
transmitter.

34. Maximize power by adjusting L2. Tune for 11.%:m on the power meter with

the largest possible value of L3 by alternately tuning L3 and C4 for maximum power.
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] The currert should be about 40ma.
35. Now disconnect the dummy antanna from the power meter and adjust L4 for

maximum current drain. If the maximum current {s less than that of 34, reduce

slightly the inductance of L3 until that current level {s reachad.

T PO
T I CTITITET I,

F. Final Channel Frequency Tuning and System Checkout ]

o

o In the following steps, be extremely careful not to short vDD to ground once

the SPVD unit is powered by its own battery. Failure to heed the above warning

will result in a fuse replacement effort.

e lhas Al ot

? | 36. Connect the SPVD power leads to its internal battery and link the dummy
antenna to the frequency counter. Adjust L1 for a carrier frequency of about 500
Hz higher than the aforementioned channel frequencies (900 Hz higher {1f the SPVD

has a new internal battery).
37. Remove the jumper on pin 6 (4070). Connect a pulse generator (0 to 6 volts

T T e e,

»
sl et i a4

output) to the V.P. wire, A square wave of 10 HZ is needed. An SPVD control box

should have its V.P. indicator alternately flashing at the same rate.

38. If an oscilloscope is externally triggered by the pulse generator, the

e Pl o st . 1

SPVD receiver output will be a 30ms burst of two simultaneous tones.
39. Momentarily, jumper the U.V. output to VDD(+). The U. V. indicator on |
the control box will flow as long as the U.V. is high.
40. Remove all temporary wires from the SPVD sensor/transmitter module and é
install it on the battery compartment. §
41. A 0-1ma ammeter should be placed in series with the SPVD power 1leads i
and its own battery to determine the quiescent current drain of the entire unit. |

The current will be less than 400uA for a nulled SPVD (2.7mw).

IO S
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42. Remove the ammeter and insert the power leads into the battery pos.:. Cover
the terminals with several layers of heavy tape to prevent the terminals from
shorting against the ground plane of the antenna. ﬂ

43. Disconnect the dummy antenna and connect the antenna lead tc the SPVD :

anienna.
44. Carefully insert the SPVD battery/sensor assembly into the SPVD antenna

housing and tighten down the 1id with a spanner wrench. i
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VI. ANTENNA DCVELOPMENT

Introduct.ion

The object of the antenna was to transmit information from the buried SPVD to a
remote receiver locate? in the air., The initfal constraints were:
] 1. Antenna must be containad within existing housing (PVC container
n37.6 cm x 11.3 cm 0.0.) and be compatible with batteries and electronics.

2. Antenna must operate on efither/or both frequencies 41.37 MHz 41.41 MHz

over a temperature range -300 to + 770C,

3. Antenna 1s to be fed by a transmitter whose normal output impedance
1s 50 2 and whose peak power is on the order of a few hundred milliwatts.
L 4, The far field signal is to be omnidirectional in a piane horizontal to the
{ earth and of such amplitude as to be detectable in the existing noise environment

and surface conditions of the continental United States.

TR TR .

The initial approach was to continue the reported development of the Phase 1

SPVD1 where two RF amplifiers were switched to feed two vertically mounted
ortnogonal loop antennas. Vertical mounting of the loops was necessary to achieve
a vertically polarized far field whose ground wave suffers lower attenuation with

distance than does horizontal polorization. The two orthogonal loops were then

necessary to achieve omnidirectional patterns on the earth surface. A field test

) of the system at the FHA Fairbanks Research Center revealed problems with the

expected range. Instead of 500 ft ranges predicted the output was barely detectable
; at much smaller ranges with the SPVD housing on the surface. A background invastiga-

tion of the loop - itenna was then initiated. The problem with loops whose dimensions

are much smaller than the wavelength that excites them is two fold. First their

ST TN TR

efficiency 1s low because the radiation resistance is much less than the copper loss.

' Secondly, since the sum of these two resistances is also low, it is difficult to
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transform power efficiently from the transmitter's output to the antenna. In dealing
with the first problem, the loops were made as large as the internal housing would
allow in an effort to maximize the radiation resistance. These loops were construc-
ted of 10 skin depths thick conductor on epoxy glass laminate P.C. boards. (See
Figure 39) The width of the conductors was made wide to decrease the conductor
loss. Those steps designed to increase the radiation resistance and lower the losses
thus increased the antenna efficiency. The second problem was attacked by an
analysis of various matching networks and the sensitivity of the resonance match to
component changes. Very high Q capacitors were purchased to 1imit the losses of the
matching networks. Although we did not accurately measure the efficiency of this
system an estimate of <.1% efficiency through a narrow band of frequencies was the
best that could be expected.

The problems of temperature compensation to keep the narrow band of frequencies
at the operating frequency was considered when the problem of mutual coupling between
the orthogonal loops arose. The plan was to operate one antenna with the other
detuned and then reverse the roles, all this to eliminate the mutual coupling. In
the face of these difficult engineering problems the decisior was made to explore
other antenna structures. The experience with the orthogonal loops took us in the
direction of a single antenna that provides the omnidirectional vertically polarized
pattern. This would eliminate the dual output amplifiers in the transmitter and the
switching network needed to get around the mutual coupling problem.

Since the vertical whip had been previously ruled out because of serious de-
tuning in the ground we tried a horizontal loop. The horizontal loop provides the
omnidirectional pattern but produces a horizontally polarized electric field. This
coupled with the insufficiency of the loop to matching network also made for a

ira~ginal communication system.
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FIGURE 39. EXPERIMENTAL LOOP ANTENNA CONFIGURATIONS.
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The antenna problem then becam= more precisely defined. What we needed was an
antenna that had the follcwing properties:

1. Omnidirectional pattern in the plane of the earth.

2. Vertical polarization.

3. High efficiency when combined with the matching network over a reasonable
bandwidth.

17 under development at NSWC/WOL for use on missiles

There 1s such an antenna
at microwave frequencies. The antenna calied the Micropatch was a development of
the microstrip transmission 1ine commonly used in microwave integrated circuits
(MIC). This micropatch antenna is fabricated opposite the ground plane of a thin
dielectric substrate and is approximately A/2 x A/2 in dimensions. While this
would produce an antenna the size of 3.6m x 3.6m at the SPVD operating frequency,
it had all of the other desired requisites. At microwave frequencies it is very
efficient (>70%), produces an omni pattern with vertical nolarization and can be
matched directly with a transmission 1ine. Unfortunately, 1ittle theory except
for some empirical results are available. Fortunately, there exists a vast array
of theory concerning the microstrip transmission 1ine. The reason the latter seamed
applicable was that we planned to change the A/2 x A/2 dimensions of the micropatch
antznna to something 1ike A/2 x << A/2 making it 1ook 1ike a microstrip transmission
1ine half-wave resonator. It was telt this long thin 1ine could be fit into the
SPYD container through the shortening effects of high dielectric materials and
spiraling of the 1ine. The spiraling seemed reasonable because the fields of a
microstrip occur at open ends. ‘Simultaneously, some experimental models were
built and a theoretical model was devised to explain the experimental results. Long
1inear resonators were +abricated and after probing the fields associated with these

it was evident that the antenna could be structured as a shorted A/4 resonator in-

stead of an open ended A/2 resonator used in the micropatch. The structures fit petter

109

rrea . n...w

AP 1 WA R U IR AL NIV LM ST 140 comame & it = oy e

e "1 ,s\m .

f [ AVITY o
e . **% P T

S O PR L T T ..«'j

o st

e

kT B oS 1" b b e a A L 11 i e i



NSWC/WOL TR 78-177

for the SPVD application because the apen end of the resonator could be placed

i anitbtrg

*E close to the surface of the ground where radiation would be directed outward. The 3,
shorted end facing into the earth no longer radiates. And of course, it wus 1/2 the
length ¢f the A/2 resonator. The first success of this approach appeared from

microstrip 1ine 1/2" wide cut from a long sheet of epoxy fiberglass PC board, gf

spiraled inside the PVC cylinder and held with tape. This antenna had a vertically

poiarized omni-pattern, required no matching network for resonant feed and seemed to !

emit & stronger signa’ than the best of the previously tried loops. To decide

what parameters would cptimize bandwidth and efficiency of this structure the theo-

retical model was developed.

Theory of Development !

T T T T (T, TR T AR TR T TP 4 T S T (T TN AT

The underlying philosophy behind the following anproach is that we are dealing

AW PR PIR TP T ST PR

with a 2/4 shorted microstrip transmission 1ine shown in Figure 40a and can there-
fore piece together relevant parts of previously developed theories. The only first
order effect resulting from the spiraling of the transmission line shown in Figure

i 40b, is that the structure will become short compared to A/10 and will be incapable

of producing a highly directional patterrn.
The microstrip guide wavelength is given by

T -

A

b o 1) X

Loy A= (m) ( 3
9 T A

3 ]l /El‘ 3

B

i" f

where ), s the freespace waveiength and e, the effective relative dielectric é
k!
constant, is the result of the man.er in which the field distributes {tself around !

the 1ine. 1In terms of the ordirary relative dielectric constant, e,

el =1 +qle - 1) (2)
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The filling factor, q, was =nlved by wﬂee1er)85nd shown to be a function of the

FRRETPRTPCN

3 strip wid:h (w) and the dielectric substrate thickness (h). An analytic expression’g

2 for the case of w > h is given as

am WD

' 1 1
E q= ) ¢ ——
b Z (]+10_‘l'17)‘§ (3)

As an antenna the Ag/4 shorted resonator will lose energy tc three main sinks.

S WY T A

They are the radfation into space, the resistive 1oss of the conductive currents flowing in
the metal strips, and the dielectric loss of the displacement currents through the

substrate. Expressing the loss factors in the form of Q values where in general
Q= 27 (Total energg stored) (4)
Energy dissTpated per Hertz
E The conductor loss (Qc) 1s given by20

f q _ 15802, w/erT (5)
c

Ao(fop)r’

e el A by L. o L Al i et

F ? where 2° = characteristic impedance of microstrip line ()

f0 = resonant frequency of the resonator (Hz)

L LN e Rt

p = resistivity of the resonator conductor (Q-m) :

? } The dielectric loss (Qd) is given by (20, 21, 22)

e‘
"
Q = qe tan 6 (6)

[ N PV

NP

il 20

where tan § = Joss tangent of the dielectric substrate. Combining equations 5

and 6 to yield an overall term for lossy materials ylelds

i, o e
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The radiation from a micrcstrip 1ine has been discussed by many authors 0,23, 28, 25 1

and the radiation Q for a A/4 resonator is given hy

E

1

Z,

i (8)

| " 960m ( f Fe.

r

f where ]
: ' Vo 2 |1§ ‘
: Fer = rt! (ef AN (9)

;' r e, e, 3/2 e;% -

Equation 9 is rather cumbersome to carry along and a simple approximation has been

found as
i . 2.8 (0)
- FeY‘ = ‘ér- E
s " ~
, ! Utilizing equation 10 in equation 8 the radiation G becomes
P Io e,
i 1 QR = 2 (”) %1
i ‘ 2300n@rﬂ j
5 ]
i

The fractional power (22) radiated by the antenna is the antenna efficiency,

]
°” - (12)

Q + Qg 2 3
! R - Lyge tand Ag)© (e, f, p) Ag
| : 2300m — h 3.63 x 106 m w h?

e s i st Lk e Bt s ik Lt B et

The second term in the denominator represents the dielectric loss and the third
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term is due to the resistive loss. Thus if these terms can be made negligibln

compared to 1, the efficiency will approach 100%8. The term Z° is the character-
36

istic impedance of the microstrip 1ire and is used in the form

7 = 120mh 1207h (Q) (13)
O - w[l+1.735 e ~-0728 (M) aq6 /e wiA)
r r h r

where 1 < [A)< 2

Substituting this expression into equation 12 helps to reveal the physical quantities
that effect the efficiency.

. | (14)
n =
1+ qer%tan § A;2*7+ e;% pkags/z
19.2 Ahw 2107 h® w

Efficiency increases with frequency (1/)A), thicker dielectrics (h), wider microstrip
widths (w), and lower dielectric constants (e.). It can also be seen that the ratio
of 1osses (therefore heat) in the conductors and the dielectric can be changed by frequency
and dielectric thickness. Increasing the efficiency is generally done at the expense

of bandwidth which will r.ow be considered.

The antenna is a xg/4 resonator whose total Q governs the bandwidth Af.

ek T (15)
T Q0 B

Inverting and substituting for QM & QR yields the fractional bandwidth

a1 [2300m , hy2 e, o fop )
'F; =T; [_E;,_(A_O') +Zoqé-;tan6+m(—e:-) (16)
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:; From this equation it can be seen that decreasing the values of tan & and p
?E (which increase efficiency) will decrease the bandwidth.
The bandwidth and efficiency are both functions of common factors making it

reasonable to investigate a figure of merit based on their product. 7

AanE.QM"'QRx QM . 1
. BNy TR (17)
E
19.2 Wh«é: [l + 1.735 er-.0724(¥')-.336l
) 7
Aoer‘

The figure of merit increases as the square of the frequency. It is also

AP Prg T3 U g s

vary interesting that this product depends only on the inverse of the radiation Q
and is indeperndent nf the dielectric loss tangent and the conductor resistivity.
To get the most cut of any design at a particular freguency, the strip should be

as wide as possible, the dielectric as thick as possible and the dielectric constant

emmea i ai M i Lyl

as low as possible. Because of the underlying assumptions in the theory, the width

} is lizited to be less than A /2 and the thickness is limited below a value that

¢1lows higher order modes to exist. The dielectric cnnstant, of course, has a

Tnwer 1imit of air.

Ir any design, equation 17 should be considered along with equation 1.

e e o it hn e UL

e oy T AT T T il

Equation 1 allows the antenna to be small by increasing e but from equation 17

PPy

A

: ' this will simultaneously decrease the figure of merit. Once these equations are

compromised within the bounds of the design and the figure of merit is maximized,

e fane b

the bandwidth and efficiency can be determined. The maximum attainable efficiency

given by equation 14 will then be determined by the lowest loss tangent (~.0001)
; and the lowest resistivity (1.7 x 108 q - m) that is available in materials. P

s '. 115
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The corresponding minimum attainable bandwidth is then given by equatfon 16 or
i simply dividing ecuation 17 by the efficiency. If thc required bandwidth {s i
largeér than this miminum {t can be adjusted by choosing a more resistive conductor o
or a lossier dielectric, at the expense of efficiency. The purpose of this pro-

cedure is to reduce the impedance variation of the antenna throughout the bandwidth

thus making it a more reasonable load on an amplifier.

) The antenna is excited by means of a coaxial 1ine passed through the ground

s b e s

plane. The coaxial cable center conductor is connected to the middle of the strip
width and the outer conductor is connected to the microstrip ground plane. At
resonance this feed point presents a resistive impedance to the coaxial cable.

The problem of finding the position along the microstrip that presents a
desired impedance has bdeen solved27 for a A‘ resonant 1ine. The input resistance
Ry at a distance d from the short can be written as

Rg =3 L 2z sind [3_59_:'_‘:] (ohms)

o

Antenna Design

The units of all equations are SI units. At this point in the project there

T e T e e o T
- 4

was a preexisting well tested PVC cylinder to house the sensor, the signal pro-

] cessor, amplifier and batteries. The question became one of utilizing already

crowded space 1in the interior of the existing cylinder or time to proof a new

i cylinder of different material. To avoid either of these choices the decision
o was made to utilfize the PVC cylinder that existed as the dielectric and tn fabri-
S cate the microstrip on it. This decision was based on expediency and not on the
best choice of materials from the standpoint of building the best antenna.

The PVC tubing (4.5 OD x 1/4"{.0064m) wall thickness) was purchased in 20
fool lengths and cut to 14" lengths. Of this, aporoximately 13" could beutilized by
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the antenna, the nest reserved for the screw on cap allowing access to the housed

E: electronics. Measurements were made of the dielectric constant and loss tangent
and resulted in values o; = 2,33, tan & = 0.01. Equation 1 with e substituted for

e*' yields.

PE Ag:-J—'—z—4—s 4.74 . e e ® e > wamm e mame ... .. .- = = ]
vVZ.33

and therefore a quarter wavelength strip is about 1.19m{47"). A simple geometric ]
calculation of the cylindrical surface indicates that the antenna will have to

spiral approximately 3.2x around to reach the height of 13" while extending 47".

Figure 41 is a photograph of two prototype aitennas, one X/4 on the PVC whiie the

B e S e oy | {3y S e 17

other is a A/2 internal antenna. The distance between the leading edge of con- ]
secutive wraps is 3.89". It was determined empirically that the antenna operates

well if the open space between consecutive strips isat least one-half the strip width
and not much more can be gained by trying to decrease this dimension. The width (w)
of the antenna strip was then fixed at 2.5" (.064m) leaving a gap between strips of 5
1.4" (.036n). Equations 3, 2 and 1 can now be evaluated as ]

é" 1 1
| q= 1+ 2 0.8 - - = v = = =22 = ===« 3

;o €= 1+0.854(2.33-1) =214 - - - - - 2

T S T 1
Vars

The corrected value of the antenna length xg/4 is 1.24m (48.7"), and was

accomodated by narrowing the gap to 1.3" (0.03m). The only other parameter available
for choice is the conductor material vesistivity. Copper (p=1.72 x 1078 - m) was

1 chosen when equation 16 revealed that the bandwidth would be appropriate. The tubes

L A, e s orleie it it 7

wera first threaded to receive the top cap and then plated with 0.002" of copper on
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NSWC/WOL TR 78-177
all sides. The cleaning, sensitizing and plating was done at the Harry Diamond
Laboratories, Adelphi, Maryland. The copper on the threaded section of the tube
was then removed by dipping that end in an etching solution of 300g Fem2 to a
liter of water. The defining of the antenna strip on the spiral was handled
either by masking and etchirg or hy cutting through the 2mi1 copper with a blade and
peeling the excess mechanically. Photo processing would have been preferred but
1imited resources precluded the development of cylindrical photo processing
geometries.

The length of the strip was deliberately made 1/2" longer than the expected
48.7" lengih. The next step in the process was to insert a 50 Q coaxial feed cable.
To find the position of the cable insertion (the distance (d) from the shorted or
bottom of the antenna strip) equation 18 must be evaluated. Since this requires the

evaluation of other equations, all necessary equations will be calculated.

120m .25
Zo = 20 #1990 == ==- 13
/2,33 2.5[1 + 1.735er‘-°724(10)'~8351
-8
AF - ..
A5y [0.00254 +0.185 + o.0414]-.0116 ------------------ 16
Af = 0.48 x 10%Hz
ns= 1
|+ -850 X 2.33% x .01 x7.28° | 2.14%1.72 x 107°)% 7.24%¢ .
9.2 x 1.24 x 0064 x .064 ZW_LW—W—W o .
) 00115 - = cccm o eae e anana 14

N® Y+70.T+15.6
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_ _ o . =1 |TRdAf | %
d= 20 _sip L g 18
360/Er" [‘ z°f°]
) 5
d = ———367'24 sin”! ["4")(5?9'8”5} = 0.119m (4.69") = = = = = = === - = 18
Ve AL :

The value of d from equation 18 indicates the 50 @ coax should be placed 4.69"
from the short. After a hole is drilled and the coax is soldered in place the antenna
is measured by a network analyzer. A typical Smith chart of the antenna terminal
impedence is shown in Figure 42. Here the antenna has been trimmed to resonate at the
proper frequency and the coax has been adjusted to provide a proper match. It can be
seen from the points (.5 + j.5) that the 3dB bandwidth of the antenna is 0.51 MHz.
this agrees well with the evaluation of equation 16. The length of the trimmed
antenna agrees to within a few percent of the calculated lengt. as does the position
of the 50 Q input. The only parameter to be measured is the n of equation 14. The
measurement is the most difficult and probably the least accurate of all; thus two

different methods were utilized.

The first methcd called the radian sphere method was developed by Wheeler 28

An antenna operating in free space can be modeled as dissipating its energy in a
radiation resistance and a loss resistance. If it is then surrounded by a conductive
sphere of sufficient size to allow local fields to continue to exist, the previocusly
radiated fields will be reflected and its associated radiation resistance disappear.
By measuring the bandwidth of the antenna in these two states it is possible to sep-
a:ate the two resistive sinks of energy and therefore be able to compute the
efficiency. The computation is as follows. The total Qt of the resonant antenna is

modeled as
wh

R R
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41.14 MHz

41.39 MH2z

41.65 MH:z

FIGURE 42. SMITH CHART PLOT OF THE SPVD OMNIDi-
RECTIONAL MICROSTRIP ANTENNA.
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where Rr is the radiation resistance and Rf is the loss resistances. The bandwidth

At F Mk

which can be measured at the antenna terminals by a network analyzer is related to
Qt by
af = fo o fo(Rr+R2)

U; wl

e
it i ekt oMl M 2 Xk «

If the measurement of bandwidth in free space is denoted Af; and that within the
radian sphere denoted Af2 then

o T T TR AR

Af1-afp f_(Rr + Rg) fo(0+R,)
g 0 %

} | Afl wl WL - Rr - 1
; To(Ry, + R4) Rr + R% Mo |
J wl:

NS

which is recognized as the antenna efficiency. A radian sphere 7 feet in diameter

was constructed (see Figure 43) in the shape of an icosahedron. The antenna band-

width was measured in the two states but the uncertainty in defining the 3dB points

SYNPRLY-S U

for the measurement only permits putting an upper bound on the efficiency. The
factor (Af]—Afz) was nearly zero leading to the conclusion that the antenna
f efficiency was rot greater than a few percent How much less than a few percent the
; efficiency is was undetermined by this method.

The second measurement for efficiency involved field measurements that were also
F utilized for pattern and polarization measurements. The antenna was placed upright

in the middle of a large (150m x 150m) conducting ground screen. It was then

]
{
i
¢

measured to insure that it presented a 50 Q matched impedance at resonance. Upcn

exciting the antenna with a knownpower the signal in the far field was detected.

For an input power of -12.5dBm at a distance of 34.2m it was typical to detect

-57dBm of vertically polarized power. The detection was made with the aid of a cali-

et e o A U 4 N i o L ] sl b ™ 2 e 4 Lt 2 bl

brated dipole, transmission line and spectrum analyzer, the gain of which was aimost
unity at the operating frequency.

- et

Horizontal polarized power was measured as less

than -80 dBm at this distance, indicating a predeminance of vertically polarized

122




S et

NSWC/WOL TR 78-177

N NV Y ST

Pl

T TR PR S

FIGURE 43. PHOTOGRAPH OF THE RADIAN SPHERE.

T T Y

PR RSN ST LTSS PP S S ENPLE DT S

SN SN

123 ]

it g




i
t
1
i
I
i
1
T
5

|
b
]
]
:

NSHC/WOL TR 78-177

signal from the antenna. The antenna was thcn rctated 360° about 1is cylindrical

! axis and the received vertically polarizeC power rerained -57 : 1dBm. This pattern

- . e

#@ in the horizontal plane parailel to the earth is onmidirrctional. The dipole was
&Z then raised in a circular arc over the test antenna and the signal power was -ﬁ

observed to decrease more or less continously to a value of -77 dBm at the zenith. ' ;

The radiation pattern is toroidal from the field measurements and resembles a

A/4 dipole above a conducting ground plane. A directive gain of 3.2 .is assigned !

: % to it along with a power gain of 2 for the dipole abcve the ground screen. With 4
;| these assignments the Friis transmission formu’la29 can be used to calculate the ;

efficiency. The Friis transmission formula can be written as

[s

b

i W
P r
1 —
b

3

Wy

PR ?
= (g7¢)" 6,y Dy j
)

¥

Where ”r is the received power i

Nt is the transmitted power

G. is the power gain of the receiver

is the directive gain of the transmitter
Nt is the efficiency of the transmitter

r is the distance between transmitter and receiver

Transposing and substituting yields

-6
_ 4nr dn x 34.2 2 2.00 x 10 "mW 1

ny = (457 w’f‘b— T 962 i 2 X 33

tr

n, = .019

[N o ORI

To this point, antenna measurements have been made in the laboratory or above
ground. The insertion of the antenna in a earthen hole causes approximately a
-10dB change in field strength depending on the soil its moisture content, tempera-

ture, depth of immersion, local inhomogeneities and aging of the container in the

environment. One could expect alkali, acids and highly conductive salts as part
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of the environment. Many serfous problems remain to be solved or investigated in
this respect. The antennas were buriéd 3" from the surface in a rzasonably moist
soil which produced a measured change in the resonant frequency and a change n

the terminal resistance. The resonance decreased from 40.39 by approximately 2 MHz
and the terminal resf{stance changed from 500 to approximately 15Q. These changes
were well defined allowing us to cut the antenna in the laboratory at 43.38 MHz

and match them to an input of 1702. In the ground they then resonate at the de-
sired frequency of 41.39 MHz and present 500 impedance. Because of the extra

loss factor in the ground, the bandwidth increases to approximately 1.9 MHz making
the precise cutting of the center freguency not very critical. The required band-
width to accomodate the two assigned frequencfes fs .04 MHz, A laboratory simula-
tion of the antenna buried in a hole was devised. One section of an x~Band micro-
wave absorber (carbon loaded foam) was fashioned to fit snuggly around the antenna
cylinder and adjusted ir. height to produce the desired results. Utilizing the in-
side chamber of the antenna as a source or sink of heat, the temperature was varied
from -30° to +77°C and the shift in center frequency and matching impedence was
observed. While these remained within the limits of the 1.9 MHz bandwidth available,
the test was not considered definftive for the actual environment. In the environ-
ment, soil moisture will change its dielectric constant and loss tangent with
temperature especially at the ice phase change. Careful exhaustive field testing
in different environments over closely monitored temperature ranges will be neces-
sary to define and sort out the detafled effects.

It should be pointed out here that while P.V.C provides a low-cost suitable
container to house the SPVD sensor and electronics, it is tar from ideal as an
antenna dielectric. At high temperatures (~100°C) it shrinks, presumably because
of plasticizer loss. A 35 cm tube becomes 34 cm. In the long term this effect
may occur at lower temperatures where time and temperature are interchangeable.

125

o Mt A 7 AP e et AT b BRIy vl 3 s e el e e .

ki Sl B

e battll




T XY T T

T T I TS Tt T

NSWC/WOL/TR 78-177

This could cause problems with the adhesion of the electroplated copper that forms
the antenna conductors. From another point of view PVC is a lossy dielectric re-
lative to a material such as Teflon or Polystrene. This loss term dominates

the efficiency which could by a choice of a Tower loss material aid in producing an
order of magnitude improvement to the antenna efficiency. Increasing the efficiency
could result in more range, higher detection probability or longer battery life

time for the SPVD. A recom.iended material would be Teflon-fiberglass e 2.6 and
tan § = 0.001.

From a more optimistic point of view, field tests have indicated the system
has greater than the 500 foot range detection capability even when the PVC trans-
mitting antenna is tuned far beyond its bandwidth.

To protect the outside copper strip of the antenna several coatings were tried.
A PVC cement roll-dip was applied but formed bubbles in the surface and was rejected.
Scotch-Grip plastic adhesive #4693 also produced problems in providing a smooth con-
tinuous coating. The protective surface that proved most successful was two spray
coats of Grey 100S DuPont Acrylic Lacquer Primer-Surface that were air dried and
followed with wospray coats of DuPont Imron Polyurethane 500 S Clear Enamel also air
dried. This coating was proported to be acid and alakai resistant and produces
no noticabln changes in the anterna except for aslight decrease (0.1 MHz) in the
resonant frequency.

One final experimental variable that will be encountered is that of the depth at
which theunit is buried below the surface and the asymmetry that may exist around the
hole. In general the magnetometer sensor determines the denth (3") that the
unit is to be buried. For the majority of cases tried, th: deeper the antenna is
buried the weaker the far field signal becomes. There were a few times when the
reverse was true, always in very moist soil at temperatures between 59 - 100 C.

The cause that produced this could not be isolated.

126

B

WPy

et etk I a8, it M A

ot

b A e

[T SVENN PN VR SRR D

ki oa B - AR mon b ka2 eI




NSWC/WOL TR 78-177

Also, if a2 hole is prepared that is larger in diameter than the antenna and the ;%

G,

; ; antenna 1s placed in the hole asymmetrically, i.e. touching one side and not the

other, serious detuning can result. In a large hole the antenna should be centered

s e s

by the use of polystrene foam spacers for proper operation.

Summing up the results of the experience gained in the antenna development it

is recommended that any future development consider the following:
1. The dielectric should be changed to a material with:
a. Tlower losses

b. less temperature variation of €. and tan &

c. more dimensional stability with temperature

S N o N1 S R T AP PR il U PPRPL I RAIPE] T S 0 WP e

l 2. The dfielectric wall thickness should be increased.

E 3. The cheice of transmission frequency should be reviewed in view of the
E

a

fact that the figure of merit increases with frequency squared.

PP TIr PUSIR V. -

§ The above described antenna development work {is also documented and disclosed

E in Reference 30. ‘
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Propagation of the Ground Wave
The electric field expressions for the Omnidirectional Microstrip Antenna (OMA)
have not been derived and thus we have no way to solve exact equations for the
expected field as a function of distance. Similiar equations for a vertical half-
wave dipole have been written which can lead to a suitable approximation. If one
takes the total electric field expression, which is a complicated formula, and reduces
it for the case of low-angle vertical-field groundwavepropagation27, the magnitude

can be written as

|Egyl= Bgl Avolts/meter

where I is the dipole current
R is the distance from the dipole to the field measurement
A is the attenuation factor because of the earth
If the antenna output is propagating across a perfect conductor the factor A becomes
unity. The remainder of the equation is simply the field strength that reduces with
distance. The OMA wWas measured as having a field strength of -57dBm at 34.2 m with

-12.5 d8m input on a ground screenwhich ir terms of electric field yields.

9.70/ Pin/50
R

E = volts/meter

where Pijp, = inputpower to the antenna
If now the attenuation factor can be reinserted for the propagation across a dielec-

tric path,then for the antenna above ground

|Eloma = A volts/meter

9.7" I1n/50
Sl =

There is no known expressizn that allows the calculation to be made for a buried
antenna. However, it was observed that a normal figure for the insertion of the
antenna into the ground was 10dB power loss. If we can then assume that to be an
average ground insertionloss, we arrive at an
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expression for the far field from the buried antenna (3" below surface) as

c 9.7"Pin/500
131 R A

The attenuatiun factor A can be approximated by the empirical formula

g A=2203% . sinb/T e-(5/8)P |
’r 2+ P+0.6° |
3

| where P = %%- Cos b

L e

b = tan"! T : 1 *‘2@&’

; . - 18x10% R

? MHz :

e = relative dielectric constant pf earth.

Q
n

conductivity of earth in mho/m

&
X

- i T T i g7

Evaluating two kinds of earth that represe!it the extremes of conductivity

commonly found in the contintental United States for a range R = 150m yields the

SR ST

limits to be expected for field strength. For mountainous regions where poor con-

ductivity prevails let o = 10°3 mho/m and & = %n{es¥1t1ng in A = .065. For plains

T AT

regions where good conductivity prevails,let o =i? xwlo'zmho/m and e, = 30 re-

e e ————

T

o sulting in (good) A =0.14. Going back to calculate field strength at 150 m. for an

input power of 100 inW results in

IEIB’?}%r

P . E
g

. 99.4 u volts/meter

IR SR

128 p volts/meter

The receivers that were purchased require 1y volt signal for 20 dB quieting, and the
A/4 wave monopole receiving antennas have an efficiency of approximately 10% depen-

ding on how and where they are mounted above ground. Thus even for the poorest
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ground conditions expected,the communication system should have an excess of 20dB E

signal capacity available for shielding and pattern distortion caused by vehicles

near the antennas.
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VII. TELEMETRY RECEIVER EVALUATION

The RF telemetry 1ink used in the SPVD in a narrowband FM system having a
modulation index (B = Af/fm) less than 1.57. The SPVD FM transmitter is modulated
with the encoded tones for approximately Af = 5 KHz frequency deviation. The channel
spacing in the 41 MHz band is 20 KHz, and a receiver which could provide this
channel spacing and pass the 10 KHz signal deviation while demodulating the

encoded tones was sought.

1 an FM communications transceiver (E. F. Johnson

During the Phase I effort
Model 507) receiver was used as the SPVD telemetry receiver in the 30 MHz band.
This double conversion FM receiver was quite sensitive and would probably function
adequately in the 41 MHz band, however its cost and size could not meet the new
SPVD receiver requirements.

Several domestic manufacturers were contacted and told of the SPVD telemetry
receiver specifications and the desire for a low cost modular unit which would
approach the performance of the following desired specifications:

Frequency Range: 41.41, 41.37 MHz

Type: Double Conversion

Sensitivity: .4uv for 12db SINAD*

Modulation Acceptance Bandwidth: +10 KHz

Selectivity: > 65 db (20 KHz channel spacing)

Antenna Impedance: 50Q

Spurious and Image Rejection: > 85 db :

Intermodulation Performance: > 60 db

Frequency Stability: +.002% (-30°C + +60°C)

Output Voltage: 200mv < Vo, < 12v @ 1 KQ

Power Supply Voltage: < 12 VDC
Cost: = $100
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(*SINAD sensitivity is minimum modulated RF signal input level required to produce a

specified SINAD ratfo at a designated audio output power; SINAD is the ratio of
audio output of a receiver (db), equal to signal + noise + distortion to noise +
distortion.)

Generally, the communications manufacturers were interested in large orders,
development contracts (i.e., $50K for 20 receiver modules with above specifications),
or modifying existing receiver designs (specifically, a production military field
radio at high cost >$500/unit). Motorola Inc., however, modified their MINITOR
monitor receiver to operaie on the 41.41 MHz frequency. The MINITOR Alert Monitor
Model HO1EAB1112-M (Cost $176) uses a 2.7 volt mercury battery and consists of two
circuit boards neatly packaged in a 4.5" x 2.3" x 1.3" (11.4 x 5.8 x 3.3cm) plastic
case. The entire double conversion receiver board was removed from the MINITOR
housing which contains the speaker, decoder electronics and baitery compartment.

It was then p%aced in a plastic bag and subject to receiver performance tests over
the reédﬁxed temperature range.

Several scanning receivers operating in the low VHF band were investigated.
The Radio Shack REALISTIC Pocket-Scan Model PRO-6 scanning receiver was purchased
an¢ avaluated as the unit most likely to meet all SPVD receiver module requirements.
It is a four channel scanner, operating in either the high or low VHF band and
capable of being manually or automatically set to a desired channei. The miniature
receiver is a dual conversion (10.7 MHz/455 KHz) receiver with specifizations
tabulated in Table XIV.

The PRO-6 battery compartment was removed. Power, output, and antnnna
leads were attached and the unit placed in a plastic bag for performance tests.

The volume control was on the lowest setting; the squelch control was off as minimum

attack time is required to permit reception of the short encoded RF transmissions;
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TABLE XIV. SCANNING RECEIVER PRO-6

CHANNELS OF OPERATION.

FREQUERCY RANGE:
FREQUENCY COVERAGE:

SENSITIVITY:
SELECTIVITY:

MODULATION ACCEPTANCE:
IF. FREQUENCY:

FILYER:

SQUELCH SENSITIVITY:
SCANNING SPEED:

DELAY TIME:

AUDIO POMWER:

POWER REQUIREMENTS:

SEMICONDUCTOR
COMPLEMENT:

SPEAKER:
ANTENNA:
CRYSTAL REQUIREMENTS:

SPECIFICATIONS
Four--as determined by any one of
4 crystals operating in the frequency
range.
30 to 50 MHz and 148 -- 174 MHz

(Lo) 6 MHz for maximum sensitivity
(40 MHz +3 MHZ)

(Hi) 8 MHz for maximum sensitivity
153 MHz t4MHz)

Better than 1 microvolt for 20 dB quieting

+13.5 kHz, -6 dB
+20 kHz, -50 dB

+ 7 kHz

10.7 MHz and 455 kHz

10.7 MHz and 455 kHz Ceramic Filters
Variable from less than 1 microvolt
6 channels/second

0.7 to 1.5 seconds

150 milliwatts

+6 volts DC (negative ground only)

Current drain: 40 to 11 mA (no signal/squelched,
to full volume)

2 Integrated Circuits

27 Silicon Transistors

17 Diodes

4 Light Emitting Diodes (LED's)

2", 16 ohm, Permanent Magnet, dynamic type
Built-in wire loop, plus external whip-type wire

Stendard H-25/u 3rd overtone
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and the desired channel was manually selected.

Bocth the Motorola and Radio Shack receiver modules were evaluated over the

desired -40°C to +75°C temperature range by using a stable RF signal generator

outside of the temperature chamber. Both units performed adequately, but a DC

-y

voltage offset and signal clipping was observed on the MINITOR receiver at Tow

temperatures.

Lt el

After two more temperature cycles and similar results with the system telemetry

_ decoder connectad, the Radio Shack PRO-6 was selected. The reasens are (2) tempera-
T ture dependent output offset and clipping of the MINITOR, (b) somewhat more complex
interface and power supply circuitry is required for the MINITOR receiver board, %

(c) the PRO-6 is easier to mechanically adapt to the SPVD contro! box, (d) added

' capability of more than one channel, conveniently selectable, (e} much lower cost

of the PRO-6 ($80 vs $176), and (f) availability (short lead time).

Several minor modifications to the PRO-6 receiver were made. This consisted

e T PSP AP T VY S SRR SURR SR Fm

mainly of removing the battery compartment by milling off the receiver's bottom

TS I T e SR P i | o

plastic battery compartment and then soldering power and signal leads to the receiver

circuit board. The schematic diagram of the receiver and interface circuitry com-

prising the receiver module is shown schematically in Section X. An i

[ e

antenna lead is Tabricated from a length of RG-174/U coaxial cable with a BNC ;

female chassis mount connector on one end and a modified earphone plug on the other.
The crystals are inserted in the crystal sockets of the crystal compartment. Even ]
though each SPVD receiver has one operating frequency, an extra set of crystals :
was ordered to provide each control box with the capability nf operating on either

of the two assigned frequencies. In the control units provided, Channel No. 1 is

13
§
{
i
¢
i
k
I
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3
r

41.37 MHz and Channel No. 2 is 41.41 MHz.
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Twenty-four Radio Shack PR0-6 receivers were purchased. Two receivers failed
to operate satisfactorily. The sensitivity of both rejected units was low and one
unit provided no signal output.

In order to eliminate receiver noise outside the SPVD encoder tone frequency
band (2000 + 6500 Hz) and provide proper signal level to the tone decoder electrorics,
an intertace electronic board is required. The interface board consists of several
operational amplifier circuits designed to provide gain and filter (bandpass) the
receiver output.

The interface board also has a 6 volt regulator (7806) to power the PRO-6
receiver and circuitry to sense the condition of the control units standby battery.
The schematic diagram of the interface board is illustrated in Section X.

The power supply module selected is a Power Mate Corp. Model EMA-12/15B
which has passed all temperature performance tests. The prototype control box
power supply has been operating for more than one year. The power supply schematic
diagram appears in Section X and is the Power Mate Corporation data sheet which
also lists all parts. All modules have functioned well except for one, which

required a new uA 723 voltage regulator IC after about 100 hours of operation.
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FE VIII. BATTERY EVALUATION
L,

Curing the previous SPVD development] a battery evaluation was conducted on
several available electrochemical energy systems. Our approach was to resurvey
the current batteries and perform tests over a longer period of time. This inves- E
1 tigation's objective was to select a electrochemical system and battery which could
supply the required energy to the SPVD for one year with a traffic flux of 20,000 ﬁ
vehicles per day and at alil expected CONUS ambient temperatures. é

Specifically, the tasks performed were:

» Establish realistic worse case SPVD energy requirements; §

Ol - Obtain several sample batteries of different electrochemical energy

systems and conduct a long term test at ambient temperatures with a programmed

E- constant and pulsed load simulating an SPVD.
s

+ Conduct accelerated drain cycles at high and lcw temperatures on promising

battery types;

3 . - Investigate solar cell array charging rates and capacity in a roadway for

B 1A et P el ! At At

a significant period;

& » Select a suitable standby battery for the SPVD contrcl unit; and
3

}_V » Investigate related parameters as environmental, safety, cost and system

L on it ok 1 L ki

it

ngrformance effects.

o

laaquireds Battery Capacity

i » The SPVD system operational lifetime design goal is one year at ambient roadway

temperatures (-30°C to +75°C, i.e., -22°F to +167°F) for a vehicle traffic flux of

20,000 vehicles/déy. For a system voltage of nominally 6 volts, the sensor module
will have a constant quiescent drain of .5ma (3mw) or for one year require 4.38
A-hrs. The transmitter is designed to operate for 3Omsec with a 40ma drain, for

both the leading edge and trailing edge transmissions, or 40,000 transmissions a day.
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Therefore .060sec/vehicle x 20000 vehicles/day = .33 hrs/day; and .33 hrs/day x

e e, e e 2

.04 amperes x 355 days leads to an additional 4.8 A-hr required battery capacity
for the transmitter. The total required battery capacity for the design goal is
then 9.18 A-hrs/year.
Since we were just starting sensor moduie develcpment, a conservative worse case
test was planned as:
censor Module
6.75v x .5ma (goal < 2nw) = 3.37mw; 4.4 A-hr.
Transmitter
£.75v x 40ma (goal 236mw)=270nmw
(per 3Mmsec transmission for 100mw R.F. power)
80,000 transmissions/day instead of 40,000

Y

.060 sec/vehicle x 43,000 vehicles/day : .040 Amps x 365 days x

1 = 6.7 A-hr
3600 sec/hr -

Total = 14.1 A-hr worse case $

&

To simulate "worse case" SPVD operation a programmer was d2signed and
fabricated as shown in Figure 44. Also illustrated in Figure 44 is the Battery

Evaluation Instrumentation Block diagram. Figure 45is a photogruph of the

Ammunition Box housing the test batteries at ambient temperature. Also notice
the SPVu receiving antenna mounted on it and the roof mounted antenna used to

»
determine the decoder false alarm rate for the Maryland/Washington, L¢ urban area.

As reported in Reference 1, extensive lests had been conducted on several

electrochemical battery systems resuiting in the selection of Urnion Carbide's

Eveready No. 1209 cell (Heavy Duty LeClanche Lantern Battery). We included

several types of lantern batteries in order to confirm the performance with a
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more typical SPVD load (i.e., without accelerated discharge cycles).
Battery Systems Tested:

The electrochemical battery systems considered are Carbon-Zinc (LeClanche),
Carbon Zinc (Zinc Chloride), Alkaline - Manganese Dioxide,Mercuric Oxide (Zn/Hg0),
Nickel Cadmium, Sealed lead acid, Lithium (Organic electrolyte). Table XVlists
the various electrochemical battery systems, assumed chemical reaction and energy

densities that were considered.u’32

The following batteries were selected for test: Lantern battery types

Eveready 1209, Ray-0-Vac 944, Mallory M908, BA-200/U, Bright Star #646, BA-803/U;
Lead Acid (sealed secondary) Gates #0810-0005; Lithium, Eagle Picher D Cells;
Alkaline, Mallory #MN1300; and Mercury Mallory types RM-42R(BA-1030/U) and Mallory
#316856-5 (RM-2550R).

Numerous lantern cells were tested because of their potential low cost
=~ $1.20 ea/1000 and Phase I test results. In Figures 46 to 50 are plotted the
open circuit voltage of the lantern battery types with respect to time and tempera-
ture. Clearly the Eveready #1209 has better performance for the programmed load.

The Gates Sealed Lead Acid cell discharge curve is plotted in Figure 51. Two
of the three series cells had failed.

Two series Litnium batteries, Eagle Picher D-cell types were tested and the
results plotted in Figure 52. One very notable characteristic is the batteries low
internal impedance. The Mallory Alkaline Duracell battery discharge curve is
plotted in Figure 53.

Five RM-42R mercury batteries (BA-1030/U) were tested and its discharge curve
plotted in Figure 54. Although its low temperature performance was suspect, this
electrochemical system performed very well for the moderate temperatures experienced

over the measurement period (15°F). However, to confirm our results shown in
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Figure 54, accelerated discharges and unit temperature tests were conducted.

Each battery terminal voltage was measured under the continuous drain and the
simulated pulse drain of the transmitter approximately 6 months and 11 months into
the test. In Figure 55(a,b) are some oscilloscope photographs of the battery
terminal voltage during the pulsed load. The mercury, alkaline, and Tithium cells
have very low internal impedance. However, lantern batteries had developed very
high internal impedance. Also shown is the effect of putting a 100 ufd capacitor
across the terminals in an effort to reduce the impedance. In Figure 56 are
oscilloscope photographs of some of the remaining batteries under test approxi-
mately eleven months after the test started. The alkalire and mercury cells have
extremely low internal resistance considering the lowered terminal voltage.

Since the mercury system seemed to satisfy our system requirements, an
inouiry was made to the Mallory Battery Company, Tarrytown, New York. They recom-
mended a Mallory #315856-5 consisting of 5, RM-2550R cells. Because this cell size
was more conducive to the SPYD unit, it was selected.

Mercury battery temperature/load tests were performed. Figure 57 is a
voltage discharge curve for RM-42R (BA-1020/Y) cells which have been iischarged at
£0ma at room temperature (25°C) and at +76°C, exhibiting a 15.6 A~ hour capacity
confirming the anticipated 14 A-hour capacity (rated ® 280ma). During a similar
test, (i.e., 50ma contiruous load) at low temperature, we noted that at -10°C the
cell voltage rapidly approached .8 volts. In Figure 58 {s piotted the terminal vol-
tage of the mercury battery for a constant 3nw lvad. Below -29¢C, the interual cell
impedance rises and at -30°C the cel?l voltage falls 5% of the normal voltage, cer-
tairnly within the 20% undervoltage orerational Timit. The sensor module thereiore
can operate satisfactorily at low temperature, and tnis was confirmed in systems

tests at -40°C.

151

i A A i PR

T P ko 1 it A T L G " Tt B et S e SR N s

i it

R S T

T T LT ,.4_@,_,4“......,-.“

T S

W s L i Al R AT N b bl e 2 if




NSWC/WOL TR 78-177
i
1 [ '

' | !
3 ‘,.. yt;u»nyc' ] ;
- S IR 2 %
5 S P Attt |
1 L NEES - f
;' '. ? 1
! RS W + bt :: ren M+ ,,;g,....mi;...,: 1
. ; T
, ] ' L1 . ]
] | s tl |
; o | oL " - i
: l : S L |
: i -0 -0 \
4-MN 1300 2 MAY 77 2 MAY 77 LANTERN M-908 5.12V
: Tem . T i [ y ;
v 20ms v 20wS |
fs PR b [ | |
‘ USRI S - X 1 i ‘]
] f4 P :’ , |

cevaae l »»i~~ . QP + TIF TR ST PPN T i+ PR P
5 g , £ L1 ' |
e . ' s |
i : R T . S NI ; 1, b S i ;
E [ T‘-m-.--t——~.~m§.. i J: 7 T I " ! 2
3 ‘L*E—T_AA.‘—»‘ % e . .i. N ‘ “';... ‘[ j
3 Ll 1 7 " b

2 MAY 77 EVEREADY 1209 540V 2 MAY 77 RAY-O-VAC 944 474V

K. Sav| 2ms !

44t ves o]

R A it

i
4
r

i
i3t
'
1
+H
P
1

E
)
.

1
s
o
LI IR X e
1 +—1-%-

2MAY 77 BA-200V EVERFADY 5.08V BA-803/V (NEW) 3 2MAY 77 b5.8a2Vv

FIGURE 5566. BATTERY TERMINAL VOLTAGE FOR SIMULATED TRAMSMITTER LOAD, 2 MAY 77.
152




T T N T

N e I g e

il Bcaauh e

.
i
t
i
i
4
14
It
!
"

OYTRWTOE

NSWC/WOL TR 78-177

.....................

h
. ."-~~ JS SN SR DN

4

BRIGHT STAR 492V 2MAY 77
100MF #4 W CAP

s

v

e
—
:
1

—R—6-1 -

FIGURE 66b. BATTERY TERMINAL VOLTAGE FOR SIMULATED TRANSMITTER LOAD.
2MAY 77.
153

.

viiad Bt " &bt e 3 e e + st i M

e

bon e kb ) it

N R
R A s



. e e TP i B AT T T T TS = e T
ey e e+ I . T — e

ST S bt - — . W.,I.. - [P

NSWC/WOL TR 78-177

35 meec  TRANSMISSION = 38,400 VEMICLES/DAY

3
: ﬂ
3

&1

................

19e8|

10ns
|
L
|

~
m T ~ i
n e — — |4 - —-t %
T RIRINER| & SB0e g Ik 5
. —— e — - {- poyr
314 & , = F ot & IRERAN so R
. + > + e + —t s
- 4 o
. : :
>
5

RO PR D SRUID S

LITHIUM
{

——
13
-
r
~she
-
.
e
s
o
'
Cede e
,
‘
»
N
.-

g
ol
»

LITHIUM DUTYCYCLE 200CT 77

FIGURE 68. BATTERY TERMINAL VOLTAGE FOR SIMULATED TRANSMITTER LOAD, 20 OCT 77.
154

.w . i .vOA [ ﬁ .............. docean
S S St I N N.z 1T .
- N S b - : o [N

1 J SR R GLI!_«-;LM..I.J m + -

! 5 : P —t+ 11§t

N S e i 8 i b Q N .S

: - b B ; g

M —1 Amw . . m i H 1 t . ; L1 { + pH
T&‘OT‘* 4.»?» -4 11‘1 $ ] o4 4 4 409+ otow‘.vvm.?’?f . Ml

— EEEE W “ < . 111

-t i =+ . .- -...,:T.?L frth.Lﬁn.i.Tl.l 2

! I |_.0 . N vw . . . _ _,
— B i 3
SNL i) g ke
- Lo i =%
e PRI T S FH SURTS SN SO S RIS TREey

N ke e .| " e s i - e it iasbittll




e -
w d — ~ w wr g e -
e v e 4 F T T | e e T T S, LR e g e v 1 o .
Caleuies SR oL BTV T i st IR e Y ety o i e s e RS e+ o e
= L A o e

(N/OE0L-VE-QVO YIN 08) IAHND IOHVYHISIC AHILLYE AHNOYIW 6 IHNDIL

-
NOILVYH340 SAVA P

oz &6 e 4 8 sl ¥k €L Z) 33 oL &8 8 L 9 S
j, v T 1 T -t 11 1 1 L 1 T T

=

—10

155

£
£
£
-l
o
4
o
3
z

1

™

(-]
JOVATOA TYWHIHL

—0°L

o
p
1
?

L
PR RS

SUH-dWV 951~
-——- 08¢ -z
—_— 2%

{15£2) QVO1-*u 0G/M - &1
n/ocoL-v/a T i

o AT SIS0 A - 8




. rom R MR T T = (e S Ty (AT | gt M R T LTS T S e
‘.,‘i m—rr o ae L T T e T T TP SRy Sk s J - Geaas e - 5 R

o e

avo? 3 009 ¥V O3 IUNLYHIMNIL SA IDVLIOA AHILLYS AUNOYIW 88 3UNDIL

08334930 NI JYNLVHIIWIL
2.0¢ 2,02 2,01 2.0 3.01- 2,02~ 2.0¢- 2,00

_ T [ | _ _ _ T

156

NSWC/WOL TR 78177

(13009) MWE @——@— —

(sw Z2)
JONV18i83H AvO1 5009 ¥V HOJ
IYNLVYHIINIL SA 3O2YLI0A 113D
N/0E01L-vE AHILLIVYE AHNIOHIW

ASE’L

Lo e b v by v e g
>
™
S170A NI 3DVLTOA 113D

AVL

e el & et e e e kel B e o 1 et o n e i e e e et e e a e ek s




ST Ty Y TR

‘
.
>
4
:
L
|
4
:
:
]
=

¢ e ~

[P P ————

NSWC/WOL TR 78-177

1
|
i
[
|
|
I
{
t
PR ek l.m«MHJ

The riext step was to verify that a pulsed transmitter load could also be
accommodated by the mercury battery. A simple test was conducted with the BA-
1030/U and is plotted in Figure 59. Notice at -20°C, the cell voltage with a 270
Toad (50ma normal) falls to .84 volts, and after 8.52A-hrs had been discharged,
with a more characteristic load of 6302 (2ma or 13.5mw) it fell to approximately
.88 volts. To simulate discharged battery performance, a second, 27Q load was
applied and several voltages measurements are shown in Figure 59. At -40°C, the
voltage although adequate to run the sensor module would not sustain the load.

But for -20°C the battery performed satisfactorily. Figure 60 is a plot of similar
test results on the Mallory #316856-5 battery. Systems tests on the SPVD protn-
type also confirmed its ability to operate at low temperatures. A photograph of

the SPVD battery is shown in Figure 61. Two batteries are connected in parallel for
a total battery capacity of 26 ampere-hours at 6.75 volts. The assembled battery
compartment is then demagnetized and attached to the SPVD electronic modules.

Critical battery/systems parameters for the selected battery give a measure of
projected performance as:

Mission lifetime: = 2 years

Battery Capacity: 26 A-hr @ 6.75v

Battery Noise: < 10mv

Storageability & Maintenance: > 2 years

Ruggedness: 10,000g. drop test

Availability/lead time: Commercial ~ Z months

Cost: $27.18 each ($54.36/SPVD)

Safety: No problem

Environmental Impact: Recycled to conserve Mercury

Reliability: 99% desired

Weight: 635 grams/(= 2#) unit
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i
w Or- MALLORY #316858-5
° 4
< Re = 8.2 KQ LOAD (5.5 mW CONTINUOUS) ;
3 CAPACITOR ADDED |
5 Rp = 13002 (5 SECOND LOAD RESISTOR)
3 14 APRIL 77
2 60
(3]
@ = VOLTAGE 30 SECONDS AFTER § SECOND LOAD TEST.
R P, [ =VOLTAGE AFTER 6 SECOND 80 me LOAD
' i
. 5.0 I— cut OFF vOLTAGE
| 5 |
L Q ruus i
+40°|— BATTERY SWITCH ]
Re
L \'J i
R' {
w
s S —O
. rr
3 g 0C— !
': :
= !
—1
;
| -40°C |— i
3
i
t
:
) J
<
. g BA-1030/U ‘
s 5 Rc ~ 680 £2 LOAD (2.6 mW) *'
; < WITH CAPACITOR i
: w Rp = 2752 (5 SECOND LOAD RESISTOR) }
E
] 10— = =] ‘
| 1 2 .
DAYS !
FIGURE 60. LOW TEMPERATURE MERCURY BATTERY PERFORMANCE. o
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m "*Rc URY BATTE=.

MALLORY. STTRRY COMPAN.
a division of RELMALLORY & CO \.

YORK 1059

CATION STIGHY RO INEMED 0 W0 3
P e - 0.8 PAT. Jese217 B0

FIGURE 61. PHOTOGRAPH OF THE SPVD BATTERY.
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The standby battery selected for the SPVD control unit is a sealed lead acid, ;
12 volt-4.5 amp-hour Type A (Globe Gel Cell, model GC-1245-1 or similar). The
5 battery will operate the control unit for a minimum of 22 hours and significantly

longer 1€ the receiver LED is disconnected.

R

Solar Cell Array Evaluation

Early in the program techniques of supplying power to a buried SPVD unit
were considercd. One technique, that of a magnetic {nduction 1ink similar to an _
open core transformer, is used in charging heart pacemakers. It would demand a i
road :rew to periodically charge secondary batteries with smaller energy densities
for a significant amount of time. It would also require a significant amount of
; magnetic material near the magnetometer sensor module. This approact was not pursued.

A solar cell array was designed about the SPVD housing and itc mechanical

design is discussed in that report section. The reason for using solar cell array E

is that the roadway is relatively unobstructed and a "typical" mid latitude value

of solar power flux is 70mv#cm2 during the day. Therefore 70mw/cm2 x .14 (conversion j
! efficiency) = 9.8 mw/cmz. For a 20 cell array 2 i = 80 cm’ or 9.8 mw/cm2 x 80cm? g
E = 784 mw. Now derate by 80% for the 1/2" plate glass cover and dirt, resulting in »
' 156.8 mv.

156.8mw = 6v.I
é I = 2.61 ma maximum estimated array current.

i After the array was constructed, a current of 14ma was measured. If we assume 1

hour per day sunlight for 365 days at 14ma, then a 5.1 A-.hour charge is obtained,
almost the entire SPVD system requirement. For 2 hours of sunlight per day, 10.2 ) ?

A-hr 1y ﬁhtained. Therefore an attempt was made using twenty solar cells (2 x 2 cm) i

(centralab Seniconductor Solar Cells #N220cG-11) each _
{ i

e g e
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rated at 56.2mw @ 430mv were connected in series. A circuit capable of determining
its effectiveness is shown in Figure 62. The solar cells are attached to a diode
with a low reverse current (<<25ua) and to a filter network to remove any possible
RFI/EMI problems with a real system and then to a Nickel Cadmium battery. The
nominal system voltage is 6.2 volts where the 5.6% resistor simulates the SPVD power
requirements (~9.6 A-hrs/year). A 7.5 volt zener diode is put across the battery
so when the solar ceil voltage is a maximum, i.e., 10 volts, the additicnal current
will flow through it. An E-Cell coulometric timer (BISSETT Berman #5-163-6843,

150 pa-hr 3860 Centinela Ave., Los Angeles, California) is used as a lorg term
integrator, i.e., to sum the total current delivered by the solar cell erray

during a desired measurement period. The maximum anticipated charging rate of

20ma will piroduce a 20mv signal across the 1Q series resistor. Therefore for a

worse case required yearly capacity,

13 .'=hours
8760 hrs/year
and

= 1.48ma-hours

E=1.5ma x 1 ohm = 1.5mv,
For a 150ua - hour E-Cell,

150 pa hours
8760 hrs/year

= ,017pa

Finally 1.5mv = .07ua R
R = 38.235kn.

In this way, the circuit i Figure 62 is abie to measure the worse case SPYD energy

requirements obtained from the solar cell array. The depleted E-cell is a measure
of the total ampere hour capacity obtained during the measurement period. Figure

653 is a circuit used to detemmine the exact condition of the E-cell.
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A photograph of the solar cell array/SPVD housing 15 shown in Figure 64. A

small 6.2v-450 ma-hour Nicad battery was used with the array. The solar cell/

SPVD unit was positioned in the NSKC roadway test hole shown in Figures 65 and 66.

As indicated, the test hole has a phenolic 1iner and a phenolic cover plate when
SPVD units are being tested.

The array test period extended over one year (24 Sept 7€ to 14 Dec 77) with
four measurement periods to determine the solaer cell array capacity. During the
first period 24 Sept 76 to 3 Jan 77, the housiny leaked thereby shorting out the
E-cell. However, the Nicad battery was at a higher terminal voitage than when
installed; therefore a charging capacity greater than 2.7 A-hours was obtained.
The second measurement period, 4 Jan 77 to 12 Aprill 77 (98 days) resulted in a
7.72 A-hour charge delivered by the solar cell array, with 2.5 A-hours of it
required for SPVD operation. During the third period (12 April 77 -~ S Aug 77)
12.85 Amp-hours were delivered for the 114 day period.

For the last measurement period (5 Aug 77 to 14 Duc 77) the capacity was
estimated from a dissassembled L-cell as the unit was completely flooded. By
taking dimensfons of the E-cell electrode and its plating amount, a 10.2  A-hour
charge was delivered during this period.

Using the solar cell array described with a better mechanically designed
container, the SPVD system power requirements can be satisfied. For the roadside
SPVD receiver control unit {if used for vehicle counting at remote sites) it
appears that such a solar power scheme would be even more feasible.

Solar cells cost about $2 each or 540 for the designed unit.

iscussion

et

The energy density of lithium batteries is very attractive for the SPVD.

However, because of the potential explosive safety hazard uncovered in some
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FIGURE 66. INSIDE VIEW OF THE NSWC ROAGWAY T&ST HOLE.
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!
military batteries,33 it was decided that no additional 1ithium batteries be

evaluated for this program. This most certainly will change in the future, as

P PR RPN

lithium battery improvements are made.
The Nickel Cadmium battery system was not investigated mrre thorougly

because of its high temperature degradation, low energy density, and lack of a

i e o o

suitable charging system for the secondary cell. [If it were possible to charge

the Nickel Cadmium batteries, there still is not enough information on "memory"

PR

effects (if charged at 1 year intervals) and the associated reliability.34

The mercury battery has ro recharging capability, has potential electro-

lyte leakage problem (freguently observed), and is expensive because of the cost

TR G TSN TR

of mercury (= $4/1b for Hg). However, its energy density and reliability should
insure a 2 year mission lifteime for a 20,000 vehicle/day traffic flux. A

battery/systems operation cost tradeoff analysis should be done and include the !

= e T e 6

recycling costs of the mercury battery.
Alkaline cells should alsc be more fully evaiuated in a cost/performance 3
tradeoff. The battery choice was between the alkaline and the mercury, and the

energy density/performance (i.e., flat discharge curve) won out over cost.
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] IX. MECHANICAL COMPONENT DESIGNS

SPVD MECHANICAL DESIGN AND HOUSINGS ;

An objective of the SPVD is easy installation of the sensor electronics unit i

into the roadway. Therefore the SPVD size was designed to be compatible with §

T

commonly used roadway core sample drill bits so it could be utilized for unit

YO R URRUTSIOR

installation. For this reason, the size of the SPVD could not exceed that of the

Phase 1 unit] or 11.43cm diameter and 38.1cm long (4.5" dia x 15"). Other housing
L problems with the Phase I SPVD were briefly addressed including the aluminum

A . M it

end caps/polyvinyl chioride (PVC) container joint and its reliability over long

mission times, more easily opened container to facilitate battery replacement,and ;

general survivebility in the roadway environment. "

During the eariy phases of this program, three housings were constructed

from standard 4 1/2" dia (11.43cm) PVC Schedule 40 pipe with aluminum end caps !

sealed with double O rings and 6 screws (6-32) holding the cap to the 1/4" thick .

o ey

pipe wall. This procedure did not provide a reliable long term leakproof housing i
seal and resulted in the loss of some experimental data in the solar cell unit

described in the Battery Section. PVC caps were machined and the bottom cap

E cemented on with HARVEL PVC heavyweight solvent cement (Harvel Plastics, Inc., ¥

~ P.0. Box 757, Easton, PA). In this way the material expansion coefficients would |
be more closely matched, i.e., 6.12x10'5 in/in/°F for PVC pipe. Some segments of E
the drawn PVC pi' 2 were out of round which could be minimized by cementing the
bottom cap.

i The solar cell housing was constructed from a PVC bottom cap cemented to the i

g . PVC pipe housing (Figure 67) and an aluminum (6061-16) array top plate shown in J

Figure 68. A 1/2" thick 5 7/16" dia. piece of lightly sandblasted plate glass

169




ST S AT T A e T TR F R, AT AT e

T TONTRFSE pny TR TR e TR e maaty

.
|
:
i

L o il e i L

NSWC/WOL TR 78-177

MATERIAL: P.V.C.
PIPE ALL TOLERANCES: $0.010"
£10°

#6-32 COUNTCRSUNK
HOLES, 120° SPACING
TYP: BOTH ENDS

°3+'7“f§ ©

i )
eeve. Pl l
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| ] gg
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FIGURE 67. SOLAR CELL UNIT PVC HOUBING.
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5 MATERIAL: ALUMINUM |
{ ALL TOLERANCES £0.010" UNLESS NOTED, j
E; | 3
DRILL & TAP 1/4 X 20, , i

/3" DEEP TYP. 2 PLACES = = |

~ R i

P roNNY 4

/, = 1.37" — \ |

£ \ %
* A ,’I #24 DRILL THRU HOLE “ A
E D 3 H + .
| W T | S
E |
E
{ i
| @
E |
?

z_

:;

‘.wn 10.0\}5"
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FIGURE 68. SOLAR CELL ARRAY PLATE.
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covered the twenty 2 x 2cm series silicon solar cells. The plate glass was
slightly sandblasted é; diffuse the l1ight, provide a roughed surface for sealing,
and make the array less attractive to vandalize. The plate was attached to the
aluminum array housing using SCOTCH-WELD STRUCTURAL Adhesive #2216A & B, (7:5

by weight) (Adhesives, Coatings and Sealers Div., 3M Company, St. Paul, Mfin.).

This joint held up extremely well for the entire length of the test i.e. 24 Sept :

1976 to 14 Dec 1977 (see Battery Evaluation Section).

imiacka.

The solar cell array is arranged in a circular pattern which is approxi-

L= et enc el

mately 5 inches (12.7cm) in diameter and shown in Figure 69. Two O-rings, 3 3/4"
I.0., 4" 0.D. (FSN 5330-194-3733 are used to seal the array top to the PVC pipe

ot L e S b bl

with three 6-32-1/2" stainless screws located to hold the aluminum array housing

k to the PVC pipe. The experience gained with the above described solar cell array

unit was helpful in the design of the final SPVD unit housing.
The SPVD housing design was first completed for an internally housed trans-

mitting antenna, being either orthogonal loops as done in Phase 1, or with a

A/2 ominidirectional microstrip antenna. The housing consists of PVC pipe, (4" i

Schedule 40, 4 1/2" 0D) as shown in Figure 70 with one end threaded (4 1/8" - 10
RH) for a screw off top cap shown in Figure 71. At the top of the threads is a 45d
sealing surface for an O-Ring (4 1/8" ID x 4 3/8 OD) which is located on the top

screw cap. Two holes are drilled in the top cap so a 3" spanner wrench can be used

for removal. A third hole is drilled and taped in the top cap's center for a

et e i st s .o 0k

3/8" - 16 x 1/2" long nylon hex head bolt. This bolt can be screwed into the cap

to facilitate SPVD unit recovery from the roadway hole. The bottom housing cap
is machined from PYC as shown in Figure 72 and cemented to the bottom end of the
PVC pipe of Figure 4 with PVC solvent cement. Both caps have engraved instructions

and identification data shown in Figure 73. Arrows are painted on the unit's

j
1
3
i
i

side to indicate the proper implanting orientation for the SPYD sensor.
172
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FIGURE 70. DRAWING OF THE SPVD HOUSING.
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FIGURE 7. DRAWING OF THE SPVD HOUSING TOP CAP.
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i‘ N
&\
“F" DRILL ™\
1 3/8"” DECP *

N 4

TO FIT INEIDE
4” P.V.C.
TUBING

——

HOLES FOR
FINAL SPVD

/ UNIT DESIGN.

T R
12" J
15/16" 1T

l‘ i T I
'= VAN J

MATERIAL: P.V.C.

e ———

BOTTOM CAP

FIGURE 72. DRAWING OF THE SPVD HOUSING BOTTOM CAP.
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FIGURE 73. ENGRAVED INFORMATION ON SPVD TCP AND BOTTOM CAPS. ‘
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This first unit was thoroughly tested for watertight integrity , was temperature
cycled (-40°C - +75°C), and subject to a 1000 pound compression test to simulate
a worse case load distributed on the top cap (62.9#4/sq.") and on the threads
(300#/sq."). The unit survived well including several severe and inadvertent
drop tests.

The second and final SPVD unit housing design was specifically tailored to
the 2/4 omnidirectional microstrip antenna. Dimensions of all three housing
component parts were basically unchanged (Figures 70, 71, 72). The bottom cap was
modified by drilling four holes for four 6-32-1/2" flat head nylon screws to
aid in holding the bottom cap to the PVC pipe. The PVC pipe had been completely
plated (except for the threads with a 3 mil copper foil etched antenna . In
order to maintain conductor continuity from the inside antenna ground plane to the
external antenna, the cap is now sealed with RTV (Silicone Sealant RTV - Dow
Corning) rather than the PVC solvent cement.

Before the bottom cap is attached, the outside portion of the copper plated
PVC pipe is etched to form the A/4 omnidirectional microstrip antenna. The antenna
is then connected to a coaxial cable from the inside by drilling a hole through
the PVC pipe wail at the appropriate location. The center conductor is soldered
to the outside foil antennastrip while the inside foil is soldered to the coax
shielded braid. A strain relief is installed to rigidly secure the 17" length of
cable (RG-58C/V - 500 ) by drilling a hole through the PVC wall and inserting a
nylon screw (6-32-1/4"} which holds a cable clamp. The nylon screw is dipped in
PVC solvent cement before it is inserted to facilitate sealing. After testing the
antenna, it is coated with a gray acrylic lacquer primer (Dupont #100S Multi-

Purpose ) and then several coats of clear Imron (#500S) polyurethane enamel. The Irron

178
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finish provides a durable and waterproof seal. The bottom cap is then installed,

and the final units are inspected and tested. A prototype antenna was temperature

cycled (-40°C + 75°C) with no significant change in the housing except for some

; inside foil rippling. Adhesion of the copper foil to the PVC pipe initially was
1 .

P VDI PEIRENE S

a problem, and only after longterm deployment can its performance be evaluated.

Figure 74 {s a photograph of the SPVD electronics and all mechanical com-

ponents. The SPYD electronics consists of a sensor module and a transmitter/

encoder module. Both are attached to a 1/2" aluminum interrace plate shown in

figure 75. There are four electrical connections required between the sensor

and transmitter/encoder electronic moduies. Three RF filter feed-throughs are

L . ik e mn
VPRI ORF S el

used for the +6.75 volts power, vehicle presence output, and undervoltage senscr

outputs with the plate being the system ground. Both electronic modules are

enclosed in drawn aluminum housings (Figure 76); each housing has an identical

0D dimension of 3.85" whereas thzir depths measure 1 1/2" and 1 15/15" for the 1

; sensor and transmitter/encoder modules, respectively. The transmitter/encoder i
b module housing has five holes drilled into it, three equally spaced (120°} «. & %
T 1 1/4" radius from the caps center and the other two spaced 160° on the outrside i
edge, one for the RG-58C/U antenna coax and the other for the twisted pair battery
leads. Standoff's (6-32) of various standard lengths are used to srcur2 all cir-
i cuit boards to the interface plate.

The transmitter/encoder module housing is then
attached to the battery compartment with three 6-32-3/8" stainless screws.

SPVD Control Box consists of the following components, listed with largest

volume item first: standby batterv, AC to DC power supply, receiver module and

two circuit boards for the interface electronics and the tone decoder, relays aad

s o —

appropriate control electronics. A1l components are housed in a Steel Utility

Cabinet 5" D x 6" W x 9" H (#CU-1099HG, Grey hammertone finish, BUD Radio Inc.,
Willoughby, Ohio 44094).

The front panel contains all controls, test points, and
179
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T

2-56 TAPPED HOLES X /16" DEEP
(TYP. 6 PLACES) t
)
#26 DRILLED HOLE :
120° 1.725" RAD. i
12-28 TAPPED HOLES
WITH 0.400" DIA X 0.200"
DEEP COUNTERBORE. 1,700"
RAD. (TYP. 3 PLACES)
s ' -
#26 DRILLED HOLES
1.675" RAD.
(TYP2 PLACES)
120°
3 2732" o.ml'
33/ | >| | 0.050"
L] T U
Q | : 1 ‘
A d 1 J _
? R :ﬂ
0.110" 0.225"
MATERIAL: ALUMINUM 1/2" THICK
FIGURE 75. DRAWING OF THE SENSOR MODULE INTERFACE PLATE.
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MATERIAL: ALUMINUM 0.060" THICK.

X = SENSOR MODULE
TOP - 1%"

X = TRANSMITTER MODULE
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FIGURE 76. DRAWING OF ELECTRONMICS MODULE COVERS,
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e e i

connectors required for unit operation. The rear panel has an opening (2 3/4"

x 1 1/2")in the top right corner for receiver module control access. It is covered %
f by an aluminum plate 3 1/2" x 1 7/8" which is secured to ths box by two self- .
tapping screws.

Lettering the front and top panels with identifying nomenclature was done by
a silk-screening technique. Figure 77 is a photograph of the front silk-screened :
panel. Before silk screening the front and top panels, all box holes were drilled
and the front panel cleaned and repainted.

Ali control unit components are rigidly secured to the box hy a variety of
steel brackets. Figures 78 and 79 are photographs of the control box, the side view
and rear view showing the power supply battery, electronic boards, and receiver
] mcdule mounting and relative positions.

SPVD Battery Housing

i After selecting the Mallory Mercury Battery (#316856-5) a suitable housing

L vas required to protect the SPVD electronics from potential electrolyte leakage over
i the Tong mission time. Although the seals on mercury cells are quite good, it has
been found that at elevated temperatures over long periods of time the potassium

{ hydroxide (KOH) electrolyte seeps out and is potentially damaging to all non-noble

metals.

ABS (Acrylonitrile - Butadiene: - Styrene) plastic material is immune to the
effects of strong alkalies and is quite inexpensive. Three inch ABS extruded pipe,
Schedule 40 (i.e. 3" ID, 3.6" OD) was obtained and machined to form a housing shown
: in Figures 80, 81, and 82. The end caps were machined from 4" dia. ABS rod, and
| one cap is sealed with ABS solvent cement (Oatey Solvent Cement, Fleck Marshall
b Corp., Baltimore, MD). The other end has a removable cap which is threaded

(3 1/8" - 10 thread) and able to be removed with a small spanner wrench. An O-ring
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MATERIAL: ABS PLASTIC

FIGURE 80. DRAWING OF BATTERY HOUSING END CAP (BOTTOM).
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FIGURE 81. DRAWING OF BATTERY HOUSING END C.\P (ToP),
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MATERIAL: ABSPIPE

FIGURE 82. DRAWING OF BATTERY HOUSING TUBE,
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(3 1/8" ID x 3 3/8" OD) is used to sea) the battery housing and is lubricated with
silicon grease (GE Silicon Compound G-624, MIL S-86608B).

The housing is 7 1/8" long and contains two paralleled Mallory #316856-5
batteries for a total of 26 amp-hours capacity. The housing terminals consist of
two #6-32 stainless steel screws which connect two solder lugs located inside the
housing with the two external solder lugs each containing a Cambion (#450-2388~
01-03-00) Connector Jack (Cambion Corp., Cambridge, Mass.). One screw terminal
is painted red indicating the +6.75 volts.

A stainless steel spring is inserted in the removable cap to reduce battery
motion. The batteries are placed end-to-end, and the two positive terminais
are soldered directly together; alsc a #22 teflon red insulated wire is soldered
tc that junction. The negative terminals are connected with & 6" length of #22
plack teflon insulated wire with a Tonger black wire scidered to a 2A Fuse which
connects to the top negative terminal. The two tatteries arc then taped together
and wrapped with several leyers of absorbant paper towels and inserted into the
housing. rhe two wirec are soldered to the terminals (red to red) and then the
container sealad.

To test the battery housing, 15 grams of 40% KOH solution (worse case) was
put into a sealed baitery housing with its terminal lugs and springs 1. place.

It wes put into an oven at 130¢F (54°C) fur 16 days and then examined. Results
were that no KOH absorption was observed, no leakagc occurred, nor was the O-
ring attacked. The spring was discolored and the cin removed from the sclder Tug
terminals.

Battery Replacement Procedure

1. Check battery voltage at the battery housing terminals (see Figure 74) before
proceeding. If 6 volts or greater under load, i.e., with sensor module on,

batteries are capable of operating the SPVD.
199
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2. If no voltage at all is measured, the protective fuse inside the housing
is probably blown. Check the fuse with an ohmmeter after step (3). i

3. With a small spanner wrench (2") remove the battery hcusing cap.

4. Pull out the batteries and check the fuse with an ohmmeter. If the fuse
is CK, check each battery again. Unsolder leads from terminals, if less than

6 volts.

5. Clean terminals and inside battery housing. Discard absorbent paper towels

surrounding the batteries, cut the negative wire connecting the two batteries.

i

: 6. Put batteries in a sealed plastic bag and return to FHWA, HRS-32, Washington,
% DC for recycling. Note the date unit was installed and date replaced, and SPVD

Serial Number.

¢ 7. Connect two new batteries (Mallory #316856-5) in paraliel, i.e.,two positive

et

terminal tabs (+) are soldered together with a red wire attiched.

8. Tape the two batteries together and solder a black wire to the two negative
(exposed) battery terminal tabs. Another longer black wire is then attached

to one of the ends. Solder in the 2A fuse in series with the black lead

connected to the negative housing terminal.

R TTTST CPE, B TIACT T T T

i e e bt iR AT et ]l e el

9. Wrap the batteries with several layers of absorben: paper towels.
10. Insert the batteries into the housing, solder the wires to the appropriate

terminal lug (red wive to red terminal, +6.75v).

i
A
|
A
Il
:
i

T Ty
. U - -

11. Clean the cap and O-ring and reuarease the O-ring with silicone grease and
{ seal the housing.

' 12. Check thz voltage; should be +6.75 volts and mark the date on the housing.
§ . The batteries if supplied by NSWC or FHWA are demagnetized. However, if

3 purchased directly from the manufacturer it may be necessary to demagnetize

them.
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Some battery's permanent magnetic field (PERM) can add an additional 10000y to the
ambient earth's field when measured 3 inches from a magnetometer sensor. A

color TV picture tube face demagnetizer may be used to demagnetize the batteries
before they are inserted into the battery housing. Each battery weighs 885 grams
(=2#) and costs $27.18. The weight of the total battery housing containing two
batteries is 2310 grams (=5.1#). Becausz of the high battery cost and mercury
being a valuable strategic resource and a poisonous pollutant, each battery

siould be recycled. A label is put on each battery with the following information:

RECYCLE

RETURN USED BATTERY TO:
FEDERAL HIGHWAY ADMINISTRATION
HRS-32

WASHINGTON, DC 20590

SPVD System's Electronics, Components and Circuit Board Layouts

The SPVD system electronics consists of a commercially available power supply
and receiver and six electronics circuit boards. The power supply module is a
Power Mate Corporation Model EMA-12/15B, 12 volt/2 amperes with case dimensions

shown in Figure 1.
The radio receiver module is a TandyCorp. (Radio Shack) Realistic Model

PRO-€ scanning receiver. Case dimensions are shown in Figure 2. There are four
receiver modifications: (a) removal of the battery compartment by milling of the
bottom 1 3/8" of the receiver, (b) connecting a coaxial connector to Test Point

2 (TP-2) on the receiver printed circuit board and filing an exit hole on the side
of the case, (c) scldering a twisted Red/Black of #22 AWG stranded wire to the
receiver power terminals (6v), and (d) soldering a coaxial cable to the earphone

plug for use as an external antenna input. Crystals are inserted in the proper
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position so that Position 1 is the 41.37 MHz channel and Position 2 is 41.41 MHz.
Two other channels are available if desired.

Circuit Board Layouts

Three of the SPVD systems six circuit boards are double sided boards. The
sensor module consists of a single sided Brown magnetometer circuit board shown
in Figure 83, the two digital nulling loop electronics on a double sided board
of Figure 84, and the double sided signal processing/regulator board shown in
Figure 85. Three 1/2" standoffs (6-32) hold the two sensor module boards together,
and a brass bracket attaches the Brown magnetometer circit board to them. In this
way, the magnetometer can sense the vertical component of the magnetic field.
Sensor module board sizes are 1 7/8" x 1" and two 3 11/16" diameter boards with a
2" x 7/16" chord removed. All circuit boards are 1/16" thick.

Several versions of the transmitter/encoder board were made reflecting
design changes and problems of integrating the transmitter with the system.

Figure 86 shows the transmitter encoder board foil layout which dimensionally is
3 11/16" dia x 1/16" thick.

The receiver decoder interface circuit board component layout is shown in
Figure 87. There are several interconnecting wires to both the front panel,
receiver, and encoder board as indicated in Figqure 87.

The tone decoder circuit board component layout is a single-sided board shown
in Figure 88, Board size is 4" x v 7/8" x 1/16" thick and must be positioned
with the potentiometers up so the mercury reed relays will activate properly.

A1l electronics units in the control box, except for the receiver module, are
connected to this circuit board.

Several control unit brackets were fabricated to hold the two electronic

circuit boards, receiver module, and standby battery securely to the box.

193

s

o m sl




NSWCAVOL TR 78-177

" CORE ORIENTATION
- 6 {TOP VIEW) 2480

j

; ?
'

z

s
} 1
1,25, 12 10, 1
SIZE: 17/8” X 1” X 116" FIBERGLASS 3

]

. WHITE/RED
i =
; USE 200K POT
OR (2) 120K ;
! USE 200X PQT] RESISTORS ‘
; OR (2) 100K !
‘ RESISTOR ;
i 3
4 1 BLACK 2N2906 ]
3 RED %

FIGURE 83. BROWN MAGNETOMETEF. CIRCUIT BOARD LAYOQUT. . ;

T T R L I SR

194




-3 = T W T - S A TR
4
-
3

b4 .
= NSWC/MWOL TR 78-177 ﬂ

A i
E 3 11/16” DIA,

L -~ 2 T > A ;
i N ‘ ‘,' 7/16"

~

e

—_—

[J1E]

el ah e
“b—‘.‘é‘a

E * FIGURE 84. LAYOUT OF DIGITAL NULLING BOARD, SPVD SENSOR,
195




T VYW T g

ig
|
|
|

NSWC/WOL TR 78-177

3 11/16” DIA,

At

<N

(8 B
J10.010 0 8 8J8)¢
7(’ “fﬂ )
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The power supply and several cabic straps are screwed into the box and provide
cable strain relief. A1l completed circuit boards are cleaned with Freon TF or
trichlorethylene and sprayed with Humiseal Protective Coating Type 1815 (Humiseal
Division, Columbia Technical Corp., Woodside, New York 11377).

To trouble-shoot or adjust the decoder circuit board electronics, remove
the right box panel and two bottom 6-32 screws holding the circuit board brackets.
There are sufficient lengths of cable for the boards to be removed from the box.

A1l circuit board layouts (originals) and photographic masters were
delivered to the FHWA.

Receiving Antenna

A quarter wave whip antenna is supplied for each SPVD system. It is a
commercially available stainless steel whip citizens band antenna (Tandy Corporation,
ARCHER,102 inch body mount whip antenna Cat No. 21-1094) which has been cut to a
total length of 71.28 inches (1.81 meters). The spring is not required for
installation on a traffic control box. Figure89 outlines the installation proce-
dure. With a simple bracket, it may be pole mounted with an RG-58C/U lead in
cable to the control box's antenna input BNC connector. Installation of the receiv-
ing antenna relative to the location of the SPVD will be quite important to system

performance. Therefore it is suggested that several antenra locations be tried for the

optimum location before a standard bracket is made.
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FIGURE 89. RECEIVING ANTENNA MOUNTING INSTRUCTIONS. i :
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X. SPVD SCHEMATIC DIAGRAMS, DRAWINGS, AND DATA TABLES
The SPVD System is divided into several distinct parts or modules. The SPVD
unit contains a sensor module, transmitter/encoder module, battery module, and the

omnidirectional microstrip antenna/housing. The SPVD control unit consists of a

receiver module, decoder electronics, standby battery, power supply module, and a

steel box housing.
In this section five drawings of the complete SPVD system electronics are ﬁ

provided to help give an overall view of the system. Figure 90 is a detailed

T T T T4} . Y oo T AT YW= gy T ‘1’
-
H
}
t
|
1

i

|

i
i
il

schematic diagram of the sensor module containing all the magnetometer and sensor i
electronics associated with the actual vehicle detection functions. Figure 91 ]
is a detailed schematic diagram of the SPVD encoder/transmitter module with summary
instructions to set the encoder tones. One should see the text for more detailed ?
instructions. The SPVD housing is drawn in Figure 92 and shows the various j

component modules assembled inside the SPVD antenna/housing. ;

The SPVD control unit contains a receiver module consisting of a Radio Shack ;

:

i

|

E (Tandy Inc.) Model PRO 6 scanning receiver and an interface board both schematically L
E depicted in Figure93. Figure94 is a schematic diagram of the SPVD control units

) decoder electronics and control box wiring diagram. Figure 95 is the power supply

module data sheet containing specifications, parts list,and a schematic diagram of ,%

i the Power/Mate Corp. Model EMA-12/15B power supply.

Twenty SPVD units were fabricated and tabulated in Tables XVI and XVII are the
sensor module and transmitter/encoder module concrol sheets containing all checkout
data on each unit. |

A1l twenty SPVD system control boxes were operated for a minimum 500 hours |
burn in period and experienced 60,000 programmed activations. The prototype control

' box and SPVD kave been operating for longer than one year.
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TO SET TONES:

1)  MIDDLE TONES — PUT CD 4047 MIDDLE PIN #4 & PIN #9

LOW WITH 28052 RESISTOR TO GND.

ADJUST RESISTOR & POT., USE PIN

10 TO MON/TOR FREQUENCY
b} HIGHTONE  — PUT CO 4047(H) HIGH, PIN 5 HIGH TO

8.75V WITH A 25002 RESISTOR, ADJUST
F RESISTOR & POT, OUTPUT READ ON

PIN 10

¢ LOWTONE  — PUTCD4047{L) LOW, PIN 6 HIGH TO

6.75V WITH A 26092 RESISTOR, ADJUST

RESISTOR & POT OUTPUT READ ON L1 1/4” DIA OSCILLATOR COIL 22 1/2T 230 2 uhy
' PIN 10. SPARTON ELECTRONICS =100-6688

: L2 1/4" DIA OSCILLATOR/DOUBLE COILS
f SPARTON ELECTRONICS #100-5532

L3 1/4” DIA FORM, 21T #29, 4 uhy
L4 1/4” DIA FORM, 17T #29, 2.8 uhy

-

: WiTH EPOXY
5 e @
21/27 2t 467
- =30 WIRE
—
: fo.ooz utd
S
: 0.02 < = 10 uh T0
© agk b Kv2001 § v COLLECTOR
: AA—] 4 uhy 2.8 uhy ) TO
- 82 pF (3) outeur
o )
M—-—l I'*- Y :7 : { —o
e 2N3865 G'::EE”
: , U
W swE sta I 0f
‘ 1 P Sl TO MICROSTRIP T0 70 TUNING
i b 4 425 pt ANTENNA (3) 6.75V CAPACITOR
: 12K(1g )120pF TOP VIEW
zs°cC’ wol e TOP ViEw
: SPARTON
i #100-4320-007 °
E J_ (A) FAIR RITE SHIELD BEAD #2673000101
[ = FAIR RITE SHIELD BEAD #2673000701

FIGURE 91. SPVD ENCODER/TRANSMITTER MODULE SCHEMATIC DIAGRAM
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POWER/MATE CORP. POWER SUPPLY APPLICATION
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FIGURE 95. POWER SUPPLY MODULE.
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& Table XVI. SPVD Sensor Module Control Sheet

b * Sensor Offset Rise/Fall

£ Module Check Times Current Power

- # & Bias Threshold %20 ms/ms  (max) Consumption

£ H, to 25 ky On Y Off v ma @ 6.75V R

2 1 .08 - OK 5850 3656 0K/425 .36 2.43

Eo 2 .08 - 0K 5362 3250 0K/400 .35 2.36

L 3 .07 - 0K 4875 2762 0K/400 .38 2.56

% 4 1. 0K 5687 3250 0K/350 .36 2.43 |

] 5 1 - 0K 5525 3087 0K/300 .39 2.63 :

i 6 .08 - 0K 5687 3412 0K/300 .33 2.22

: 7 T - 0K 5687 3575 0K/375 .33 2.22

% 8 Jd - 0K 5362 3575 0K/300 .42 2.83

f 9 - 0K 5362 2762 0K/250 .38 2.56

E 10 1 - 0K 4875 2437 0K/375 .36 2.43 i

% 1 - 0K 5850 3656 0K/275 .36 2.43 T

g 12 .08 - 0K 5037 2762 0K/400 .36 2.43 .

X 13 .08 - 0K 5362 3250 0K/275 .34 2.29 E

g 14 .08 - 0K 6000 4225 0K/350 .39 2.63 f%

: 15 .08 - 0K 5850 3900 0K/350 .38 2.55 .
16 .08 - 0K 5525 3087 0K/325 .35 2.36 i

{ 17 1 - 0K 4337 2925 0K/325 .36 2.43 %i
18 .08 0K 6175 4062 0K/350 .44 2.97 :
19 1 oK 5200 3087 0K/350 .37 2.49 »
20 1 oK 5200 2925 0K/ 150 .34 2.29 p

W g T T
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XI. SENSOR MODULE WITH HARDWIRED SENSOR
The objective of this task is to remotely locate a miniature two axis
magnetometer beneath the roadway in the center of the traffic lane and connect it

via mulitconductor cable to a small electronics unit. The senscr fuctions like

the Inductive Loop Detector (ILD) except both the connecting cable and magneto-
meter could be installed in the 1/4" wide pavement cutting saw blade width. This
; ' would provide easier sensor installation and require no electronics unit field
E adjustments.

A standard two axis Brown magnetometer was built and encapsulated in epoxy.
A 100 foot six-conductor shielded cable with a PVC jacket is used to connect the
magnetometer to the 5" x 4" x 3" electronics box. Fiqure 96 is a photograph of
the completed SPVD hardwired sensor system. The unit operates from 110VAC, and
contains a relay which can activate existing traffic control equipment.

A simple power supply and integrated circuit voltage regulators are used
to separately power the SPVD electronics and magnetometer. Back-to-back 7.1

volt zener diodes are put across all cable leads to protect the unit from large

TR e T A AT T T T

transients caused by 1ightning or EMI. The lightning problem however, should be

much less severe than with the ILD. Sensitivity and offset adjustments can be

made to set the desired threshold and compensate for unusually close steel

) reinforcing rods when installed. The threshold was set a 52N0/3000 nT, and the

E _ unit was continuously operated for one month.

The FHWA requested NSWC to make a hardwired sensor version of the SPYD in

i
4 i e im wE

"consideration" for increased costs, mainly assocfated with fabrication of the

s T o L)

SPVD electronics hardware. '
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it

XII. DISCUSSION/CONCLUSION %
Two main topics are discussed herein, namely, areas of improvement and SPVD f

R cost estimates. Twenty SPVD systems have been fabricated as described previously

2l bk e ek

and throughly tested. From the NSWC/WOL developmeiit experience several areas .

AT AT, o, T

should be investigatad further and may require improvemerit. They include 1) :
antenna/housing design optimization, 2) power source rexaminat ., Of l1ithium cells

and solar cells with respect to system cost and cperational requirements, 3) ex-

T e o g, e

pansion of the digital nulling loops dynami: range to 16 bits, 4) remeasuring :
magnetic field signatures of smaller vehicles and motorcycles which have become
more common recently, 5) stabilization of the sensor modules magnetic activation b
threshold with respect to temperature, 6) examine coding and RF telemetry tech- ;
niques for simultaneous operation of eight or more SPVD units with one Receiver
Control unit.

During the SPVD housing development, the PVC housing was designed to enclose 3
orthogonal loop antennas. However, with the invention of the umnidirectional ‘
microstrip antenna (OMA), the choice of PVC was not cptimium for a number of reasons.
But in all simulated laboratory and roadway tests it appeared adaquate. The
first major change suggested is to construct the outside SPVD housing from fiber- i

glass thereby eliminating the relatively large dimersional changes encountered in

the PVC. Also the additional mechanical strength obtained from a good grade of

. e et -

fiberglass should satis¥y most roadway requirements and provide a better base for :

construction of the OMA. Antenna redesign for fiberglass can be done using the

T T T Y ST T T T ET——— bt = .- - -
T M. A T WA, TPz [ Wir o T (oI 1. 81 e =t s

E information of Section VI.
4 ' At the time of the SPVD battery evaluation, 1ithium battery safety was sus-
pect, as documented in several acc?!dents. However, one type of 1ithium batiery

was tested with satisfactory results (Section VIII) and within the last two years,
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remarkable improvements have been made for such low drain applications. The
second recommendation {s that before specifying a power source, tha’ the new
1ithium battery systems (1ithium iodide, 1ithium sulfur dioxide, etc.) be ex-
amined and tested. The present mercury batteries used will meet the system re-
quirements, but the cost ($60 per SPVD unit) and the potentially large use of
mercury, a stragetic resource, would require costly recycling.

Solar cell arrays have been demonstrated as a feasible pcwer source. How-
ever, the problems of vandalism and long term roadway surface durabiiity are un-
answered questions and require significant testing to answer. A so’ar cell array
could also power the control box if the high power LED receiver and panel
indicators are disconnected. Such a device would be useful for remote unat-
tended vehicle counter/recorder applications. Mercury batteries and other electro-
chemical battery systems do liberate hydrogen gas from the cells chemical reaction.
The rate of released gas depends on the discharge rate. Hydrogen gas diffusion in
the PVC/ABS materials used is quite large and could not contain any significant
volume of hydrogen. There will be no build-up of hydrogen in the SPVD and no
safety threat. The battery is fused inside the battery compartment to prevent
any high discharge rates.

The magnetic sensor module digital nulling loops (DNL) should be axpanded
from 2 bits to 16 bits to extend the nulling loops dynmamic range. In this way all
roadway ambient magnetic fields could be nulled while providing more sensitivity
required to detect smaller motor vehicles. Detection logic could also be improved
if provided this added system sensitivity.

Magnetic signatures of small motor vehicles have not been comprehensively
measured and should include motorcycles and bicycles as well. Although the mag-
netic signature amplitude is directly proportional to the amount of magnetic

material in the vehicle, the large dynamic range and sensitivity of the detection
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system could detect a wide variety of vehicle classes. Variation of the sensor
modules magnetic actuation threshold with temperature is quite significant,
especially at low temperatures. A temperature compensation network is desirable,
especially if the DNL is expanded to 16 bits and small motor vehicles are to be
detected with very low miss rates.

In addition to the noted telemetry system improvements (Sections IV, V and I),
it seems desirable to operate more than one SPVD on one RF channel (thereby con-
serving spectrum space) and have unique tone codes for specific SPVD roadway loca-
tions. The Control Box has severai features which could be eliminated to save costs,
including the standby battery, panel connectors and lights.

The SPVD System Voltage (6.75 volts) appears satisfactory for the sensor module,
particularly the magnetometer, but higher efficiency may be obtained from the RF
oscillator and transmitter with a higher system voltage. It is felt that despite
the potential gains in transmitter efficiency, they will be offset by losses in-
curred in the sensor module eiectronics.

Techniques for implanting the SPVD for jong term survival must be optimized
for a variety of roadway environments encountered. During the program four test
holes were used, 1) the main test hole (5" dia.) located under a black top road
with a phenolic liner and cover plate; 2) the dry hole (5" dia.) with a removable
metal liner inserted to maintain hole dimensions when the SPVD was not being tested;
3) antenni range test hole with dry earth sides,and 4) the Interstate I-95 test hole
located south of the Capital Beltway on an unused section of MD I-95. The main test
hole was almost always filled with water or ice anu was the test site uf the solar
cell array and mcst system testing. For RF System tests the SPVD was required to
transmi*, 4u.) to 450 feet to the control box in the completely water filled main test

holrz, and 700 feet minimum at the I-95 test hole using only a A/4 whip receiving
antenna on the control box approximately 4 feet above the road surface. In an actual
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installation the receiving antenna supplied would provide greater signal strength
to the control units receiver.
Some vehicle RF telemetry link path shading experiments were performed with

e

little change in detection distance, and in some cases increased it. A grid of
5 foot long 5/8" diameter reinforcing rods were positioned over the SPVD in the ;

main test hole in a number of configurations. No change in either magnetic 3

detection or telemetry 1ink performance was noted.

A phenolic or non-conductive 1iner may be useful to increase SPYD suryviv-

T v g Trpppn——-

ability. However, in the I-95 concrete pavement, adding dirt, foam or plastic
insulating styrofoam may be desirable to both center the SPVD aﬁd stabilize the
sansor from apparent errosion of the base gravel/dirt under the concrete. Ad-
dition of non-conductive stabilizing plastics with a one-inch trhick black top
cover patch should not affect system performance. The suggested SPVD implant

procedure is outlined in both section I of this report and in an operating manual

L
3
i
i

supplied with each SPVD system.

Two SPVD systems can be used for an accurate vehicle speed sensor. The

time differences between vehicle presence leading edges can be used to determine :

vehicle speed from two accurately located SPVD sensors.

As a "contingency" for some SPVD development problems, NSWC fabricated a 1
hardwired magnetic vehicle detector (Section XI). This should also ease sensor |

installation when compared with the inductive loop detectors (ILD). The remote [

e

sensor housing could be made somewhat smaller and quality of the cable im-

> o

proved for long term survivability. EMI/Lightning imunity, however, should be
evaluated. Presently, 100 feet of cable has been supplied. It appears likely
that operation on cable lengths of 1000 feet is possible, even with the high

sensor source impedance (~ 15k9). However, a 1ine driving buffer amplifier with |

d Tow output impedance at the remote sensor is desirable for environmental noise
immunity.
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SPVD Costs

An estimate of SPVD system component and assembly costs has been made for
one unit and 1000 units and is tabulated in Table XVIII,

Each component item cost is added up for unit quanties (1 to20) and for
1000 units, and divided into major component blocks, 1.e., sensor module, battery,
housing, etc. In this way, trained production engineers could refer to the ap-
propriate report section and estimate costs more accurately for his particular
overhead and plant operating environment. The estimates in Table XVIII are based
on NSWC rates for FY 77/78 and component costs from local electronics distributors.
In single unit quanties (1-20), estimated SPVD system cost per unit is $2540 and
for 1000 units estimated at $745 each. Both estimates are based on the present
design, excluding test instrumentation costs, but including system adjustments
and final performance tests. The SPVD hardwired sensor cost per unit is estima-
ted at $1000 (1 to 20) and probably less than $300 in 100 unit quanties.

Deliverable program items include: 1) 20 complete SPVD systems w/SPVD, SPVD
control units, receiving antennas, interface plug and operating manual. 2) All
printed circuit board artwork, originals, mylars, and samples. 3) Prototype
solar cell array housing and miscellaneous photographs, prototype components
and circuits. 4) One SPVD Prototype hardwired sensor with 100 feet of cable, and
5) this report with an advance copy supplied on 1 December 1978.

Conclusion

A1l twenty SPVD systems were fabricated and mat all technical design goals
as tested in the laboratory. However, survivability in the roadway envirunment

appears to be the crucial test.
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;1 XVIII.  SPVD System Estimated Costs 1
- )
SPVD 1 Unit 1000 Units
Sensor Electronics 600. 200.
Battery 60. 50. ]
: Battery Housing 10. 5. %
- Encoder Board 150. 50, !
§ Transmitter 150. 50. |
Antenna 200. 20. i
Housing 150. 60. i
E Module Assembly 250. (8 hours) 25. (1 hour)
SUB TOTAL 1LY $450.
3
- CONTROL_UNIT
3 E
: Receiver Module/Interface. 200. 75.
‘ Decoder Board 150. 75.
Standby Eattery 30. 20.
i AC Power Supply 35. 20, g
2 Housing/Lights/Connectors 150. 10. i
E Receiving Antenra 30. 10. ;
Assembly 375. (12 hours) 75.(3 hours) %
SUB TOTAL $ 970. $285. !
! ]
TOTAL $2540. system $745. system %
]
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